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Abstract 
Lithium-sulfur batteries (LSBs) are considered a promising alternative energy storage device 
to commercial lithium-ion batteries (LIBs). LSB research has received considerable attention 
due to high theoretical gravimetric energy density, the natural abundance of sulfur and the 
low cost. These promising features make LSB a suitable candidate for next-generation 
rechargeable battery technology. However, the shuttle effect (diffusion of polysulfides (PS) 
between anode and cathode) causes large volume expansion, enhances resistivity and 
hinders Li + diffusion during cycling of LSBs. This limits the chance of LSB technology to be 
commercially viable. There are different ways to overcome the above technical challenges 
of LSB including through modification of the cathode, anode, electrolyte, and separator. This 
doctoral research aims to explore the modifications of separator and electrode using 
different heteroatoms and functional polar group associated materials to mitigate the 
associated LSBs technical limitations at high sulfur loading.  
Recently, most of the researches focus on the progress of LSBs using non-polar 
conductive carbon based materials with high surface area to physically confine the PS in 
inhibiting the shuttle at low sulfur loading. The physical confinement of PS in the high surface 
area of non-polar carbon seems not to be effective due to weak intermolecular interactions 
between the PS (0.1–0.7 eV) and non-polar hosts. As a result, the physically encapsulated 
PS eventually diffuses out from the porous carbon structure during cycling and shuttles 
between the anode and cathode again. On the other hand, the pore structure of the porous 
PS host materials (mesopores (2–50 nm) and macropores ≥50 nm) larger than the PS size 
of ~ 2 nm is another challenge to effectively control the shuttle effect. It necessitates the 
proper design of host materials to physically block the PS. Different functional heteroatoms 
or functional polar groups associated with PS hosts also could be a promising solution to 
chemically attract the PS to limit the shuttle effect and improve the electrochemical 
performance at high sulfur loading. In this thesis, the impact of different functional polar 
groups associated with chemically interactive materials with PS and micropore nature 
significantly contributed to control the shuttle effect at high sulfur loading. The contributions 
of this thesis are summarized as follows: 
1. In the first experiemental chapter, to improve the performance of LSBs, the 
ketjen black (KB) and Nafion composite was used to coat the Celgard PP 
separator. The motive of this research was to achieve the low degradation and 
high areal capacity (mAh cm-2) at high sulfur loading by the conjugal effect of 
the high surface area of KB to physically confine the PS and -SO3- to 
II 
 
chemically interact the PS through polar-polar interactions. Different 
electrochemical characterizations were carried out to reveal the mechanistic 
understanding of the coating composites to interact with the PS. In addition, 
the density functional theory calculation was carried out to understand the 
adsorption energy of -SO3- group with the PS. From this research, the 
maximum areal capacity of 6.70 mAh cm-2 and low degradation of 6% was 
achieved at 4.81 mg cm-2 sulfur loading.   
2. In the second experimental chapter, to further improve the areal capacity of 
LSBs at high sulfur loading, heteroatom (Nitrogen) doped multilayer graphene 
and Nafion composite was considered to coat the Celgard PP separator. The 
layer by layer distances of graphene less than the PS dimension was 
considered to physically inhibit the PS. Further, the high electronegativity of N 
and -SO3- group significantly contributed to chemically interact with the PS. 
The adsorption energy of N and -SO3- contained graphene with the PS species 
were confirmed using density functional theory calculation. By the 
multifunctional effect of electronegative N and polar -SO3-, the maximum areal 
capacities of 12.12 mAh cm-2 and 10.97 mAh cm-2, respectively, were achieved 
at 12 mg cm-2 and 15 mg cm-2 sulfur loading. This areal capacity limit is almost 
two times higher than the anticipated areal capacity of LSBs to compete with 
the state of art LIBs.  
3. In the third experimental chapter, the dopants (metal Zn and N) and 
micropores (<2 nm) possessed PS hosts are considered significant to inhibit 
the PS diffusions through chemical interactions and physical block. On the 
other hand, the PS host with the ultra-high surface area also has benefits to 
physically confine the PS. Considering these parameters, two different 
materials such as Zinc and N contained carbonized zeoliticzeolitic imidazolate 
frameworks-8 (ZnN-cZIF-8) and the ultra-high surface area contained 
carbonized zeolitic imidazolate frameworks-8 (UHS-cZIF-8) are designed 
carefully to produce an architecture with a micro-porosity (<2 nm) with 
chemical binding sites (N and Zn) and ultra-high high surface area with no 
chemically interactive sites, respectively. The main motivation of this research 
is to realize their relative impact of micropore and dopants over the ultra-high 
surface area to inhibit the shuttle of LSB. The ZnN-cZIF-8 has an initial specific 
capacity (Cs) of 929 mAh g-1 and maintains a stable cycling behavior with the 
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degradation of 0.13 % per cycle after 200 cycles with a 5.74 mg cm-2 sulfur 
loading. In comparison, the UHS-cZIF-8 shows a relatively low specific 
capacity (841 mAh g-1) with a higher degradation of 0.21 % per cycle with a 
5.34 mg cm-2 sulfur loading.  The better cycling performance of the ZnN-cZIF-
8 LSB is attributed to the dual role of the micropores in addition to the two 
chemisorption sites which effectively enhance the charge storage 
performance in the LSB over UHS-cZIF-8. 
4. In the fourth experimental chapter, realizing the impact of chemically 
interactive sites and micropore (<2 nm), an oriented Lewis acidic Zn containing 
antiferroelectric perovskite dimethylammonium zinc format (DMAZF) MOF 
[(CH3)2 NH2] Zn(HCO2)3 is designed as an effective molecular sieve to block 
polysulfide (PS) diffusion in lithium-sulfur batteries (LSBs) with a tiny window 
of 6 Å. The purpose of this research was to effectively control the PS to achieve 
high areal capacity at high sulfur loading. DMAZF/CNTs/sulfur electrode with 
5 mg cm-2 sulfur loading delivers high areal capacity of 6.3 mAh cm-2 at 0.05 
C and 5.03 mAh cm-2 at 0.1 C with a fading of 0.07 % after 120 cycles. Even 
at 7 mg cm-2 sulfur loading, the electrode exhibits a fading of 0.12 % per cycle 
even after 500 cycles at 0.5 C.  
In summary, this thesis successfully demonstrates the effectiveness of the chemically 
interactive functional materials to achieve high-performance LSB at high sulfur loading. The 
achieved areal limit is significantly higher than the areal capacity of commercial LIBs (4 mAh 
cm-2), which will direct the new pathway for electric vehicles (EVs) application. 
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Chapter 1: Introduction 
In this chapter, a background of the lithium-sulfur battery (LSB) system is presented with its 
inherent technical limitations, followed by the objectives and scopes of the thesis. At the end 
of this chapter, the thesis outline is described. 
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1.1 Background  
Lithium-ion batteries (LIBs) have played an indispensable part in electronic and 
portable devices after its commercialization in 1991 by Sony. More recently, there has been 
a significant increase in the uptake of LIBs for electric vehicles (EV) and grid energy storage. 
The current LIBs can produce a maximum energy density of 240 Wh kg-1, which is not enough 
to fulfill the current demand for portable electronic devices, EVs and grid energy storage. 
Therefore, a new battery technology with a higher energy density is needed - LSBs are one 
LIB substitute. The fundamental parts of LSBs are lithium (specific capacity 3860 mAh g-1) 
and sulfur (specific capacity 1675 mAh g-1), which can deliver a maximum theoretical energy 
density of 2600 Wh kg-1. This energy density is 3-5 times higher than the energy density of 
the state-of-the-art LIBs [1, 2].   
Nonetheless, LSBs are far behind commercial applications due to some technical 
issues. Sulfur and its polysulfides (PSs) discharge products are poor electronic and ionic 
conductors. This necessitates the incorporation of conductive carbon, which reduces the LSB 
energy density. The intermediate PSs, formed during charging and discharging, is highly 
soluble in the organic electrolytes and migrate between the cathode and anode. This is 
commonly known as the shuttle effect which severely decreases the active mass during and 
remarkably reduces the coulombic efficiency [3].   
Over the last years, many attempts have been made to overcome the technical issues 
of LSBs through cathode, anode and electrolyte modifications. However, more researches 
need to be carried out at high sulfur loadings for the commercialization of LSBs. Therefore, 
there is a need to carry out the LSB research at a high sulfur loading to achieve a high-
performance LSB which can create a new pathway for energy storage systems.  
1.2 Problem statement and its significance  
Unlike the LIB, the LSB produces a range of PSs during operation. These PSs can 
dissolve and subsequently precipitate out of the electrolyte. Furthermore, the PSs interact 
with the lithium electrode. The dissolution and interaction of PSs with the lithium leads to poor 
LSB durability and coloumbic efficiency at high sulfur loading [3].   
Commercially, the LIBs have an areal capacity higher than 4 mAh cm-2 [4]. As such, 
for LSBs to present an areal commercial alternative to LIBs, the lab-based areal capacity 
needs to be at least 6 mAh cm-2 [5]. This requires a minimum sulfur loading of around 3.6 mg 
cm-2 [6] if a theoretical discharge capacity of (1675 mAh g-1) is considered. Over the last 
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couple of years, a large fraction of LSB research has been conducted with sulfur loadings 
below 2 mg cm-2. Only a few studies are found [7], [8], [9], [10]  with LSBs with an areal 
capacity higher than 4 mAh cm-2.  
Over the years, to achieve this areal capacity limit of 6 mAh cm-2, non-polar, carbon-
based materials have shown promising results as a PS host for both separators and cathode 
[11]. However, physically confining PS in the high surface area of non-polar carbon seems to 
only be effective for a few hundred cycles. This is attributed to weak intermolecular 
interactions (0.1–0.7 eV) between the PS and the non-polar host [12-18]. This interaction can 
be strengthened through the addition of functional heteroatoms or groups. These functional 
groups can present a strong chemically interactions with the PS to improve the LSB 
performance at a high sulfur loading. Moreover, if the functional heteroatoms or groups 
associated with porous host carbons are microporous (pore is less than the PS size ~ 2 nm), 
the PS diffusion can be restricted [19]. Therefore, it necessitates the design of polar based 
host materials for both separators and cathode according to the dimension of PS.   
The main purpose of our research is to use a combination of functional groups and 
pore sizes to achieve high areal capacity and durability of LSB. Our ultimate target is to 
achieve high-performance LSBs at high sulfur loading within 4 to 6 mg cm-2 to achieve the 
high areal capacity and promote the implementation of LSB in an electric vehicle application. 
1.3 Research objectives and scopes 
Lithium-sulfur battery (LSB) research has received considerable attention due to the 
high theoretical gravimetric energy density of LSBs. However, in practice, the active sulfur 
material needs to be coupled with a conducting material due to the poor electronic 
conductivity (5×10-30 S cm-1) – reducing the battery energy density. Furthermore, several 
technical problems restrict the practical application of LSBs including PS shuttle, dendrite 
formation and self-discharge [3, 20]. Among them, the shuttle effect is considered as one of 
the most critical restrictions of LSB. This inherent shuttle issue can be mitigated through 
physical and chemical confinement (polar-polar, Lewis-acid base and catenation interactions) 
of PS in LSBs [21, 22].  The research aims to understand the relative significance of porosity, 
surface area and functional groups on mitigating PS shuttle in LSBs. This has been achieved 
through modifications of the Celgard PP separator and electrode to achieve high-
performance LSB. The objectives of the research are: 
1. To physically and chemically restrict polysulfides diffusion in high-sulfur-
loading LSBs to achieve high areal capacity. 
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2. To understand the effects of sulfonyl-anchored, dual-doped multilayered 
graphene for high areal capacity LSBs. 
3. To investigate the impact of micropores and dopants to mitigate polysulfides 
shuttle over the ultra-high surface of zeolitic imidazolate framework -8 derived 
nanoporous carbons. 
4. To implement oriented nanoporous metal-organic frameworks to effectively 
block polysulfides for stable LSBs. 
1.4 Thesis outlines 
To develop high-performance LSBs at high sulfur loading, we adopted different 
functional materials to modify the Celgard PP and electrode. The synthesized functional 
materials were extensively investigated using XRD, TEM, and SEM before battery fabrication. 
The LSBs were characterized using different methods such as electrochemical impedance 
spectroscopy, chronoamperometry, and CV. Additionally, we provide some density functional 
theory calculation to unveil the adsorption energy of PS with the functional dopants and 
groups. Based on these results, this thesis is organized into eight chapters as follows: 
Chapter 1 is an introduction. In this chapter the need for functional material 
development is highlighted; the problems and approaches to these solutions are explored, 
and the goal of this thesis is refined. 
Chapter 2 is a literature review. The fundamental of LSBs working mechanisms are 
discussed and the key technical challenges are broadly introduced. Thereafter, the existing 
literature is reviewed to understand the role of the various LSB components in achieving a 
high areal capacity. The major contribution of this chapter is to critically assess and explores 
the mechanism behind what leads to the improved performance of various LSB modifications. 
Finally, the importance of sulfur loading (mg cm-2), sulfur content (Wt. %), electrolyte/sulfur 
ratio (E/S), voltage window (Li/Li+) and separators coating loading (mg cm-2) are discussed 
to achieve high-performance LSB. This chapter is based on the publication of Energy Storage 
Materials. 
Chapter 3 is the methodology. Here the experimental details are presented, including 
equipment used for surface characterization of the synthesized functional materials; battery 
fabrication and testing procedures and different characterization tools. 
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Chapter 4 presents the importance of physical and chemical confinement of PS at 
high-sulfur-loaded rechargeable lithium-sulfur batteries. The polar group -SO3- of 
concentrated Nafion with the high surface area of KB is considered as a chemically interactive 
site to PS and to physically confine the PS into its porous scaffold of KB. The major 
contribution of this chapter is to achieve high areal capacity greater than the commercial LIB 
(4 mAh cm-2) and different electrochemical and physical characterization which can lead the 
LSB research. This chapter is based on the publication of the Journal of Energy Chemistry. 
Chapter 5 illustrates the influences of different dopants (pyridinic, pyrollic, and 
graphitic N) and polar sulfonate group (-SO3-) associated dual-doped multilayered graphene 
to achieve high areal capacity LSB at high sulfur loading. Systematically, this research was 
driven through different electrochemical characterizations such as density functional theory 
calculation (DFT), voltage interruption test and conductivity analysis to explore the impact of 
dopants and sulfonate group. The Nafion was used as a binder instead of conventionally 
used polyvinylidene difluoride binder (PVDF) and its concentration was optimized through 
experimental investigation. The major contribution of this chapter was the achievement of the 
high areal capacity of 12.0 and 11.0 mAh cm-2, respectively, at 12 and 15 mg cm-2 sulfur 
loading. This areal capacity is even significantly higher than the anticipated areal capacity of 
LSB (6 mAh cm-2) to be commercially available. This chapter is based on the publication of 
ACS Central Science. 
Chapter 6 shows the impact of micropores (< 2 nm) and dopants (Zn and N) together 
to mitigate lithium PS shuttle over the solo ultra-high surface of ZIF-8 derived nanoporous 
carbons. Typically, the micropores and dopants associated carbon hosts have superiority to 
restrict the PS diffusion through the chemical and physical blockage. On the other hand, the 
ultra-high surface is crucial to physically adapt the PS with other additional benefits such as 
allow low electrolyte/Sulfur ratio and improve energy density due to be lightweight. The major 
contribution of this research was to realize the influence of dopants associated ZIF-8 based 
micropores carbon over the ultra-high surface area of ZIF-8 based mesopores carbon. It was 
concluded that the conjugal effect of dopants with the micropores is more suitable to produce 
stable LSB at high sulfur loading.  
Chapter 7 incorporates the importance of metal (Zn) containing nanopore-oriented 
dimethylammonium zinc format (DMAZF) MOFs for stable lithium-sulfur batteries. 
Considering the PS nature, the DMAZF MOFs were designed to understand the influence of 
Zn and nanopores to physically inhibit the PS diffusion. The major contribution of this 
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research is to achieve high areal capacity at high sulfur loading with excellent cycling stability 
of LSB.  
Chapter 8 concludes this thesis and point out the potential future directions.  
List of References 
1. Bruce, P.G., et al., Li-O2 and Li-S batteries with high energy storage. Nature materials, 
2012. 11(1): p. 19-29. 
2. Manthiram, A., S.H. Chung, and C. Zu, Lithium–sulfur batteries: progress and 
prospects. Advanced materials, 2015. 27(12): p. 1980-2006. 
3. Mikhaylik, Y.V. and J.R. Akridge, Polysulfide shuttle study in the Li/S battery system. 
Journal of the Electrochemical Society, 2004. 151(11): p. A1969-A1976. 
4. Song, J., et al., Nitrogen‑Doped Mesoporous Carbon Promoted Chemical Adsorption 
of Sulfur and Fabrication of High‑Areal‑Capacity Sulfur Cathode with Exceptional 
Cycling Stability for Lithium‑Sulfur Batteries. Advanced Functional Materials, 2014. 
24(9): p. 1243-1250. 
5. Fang, R., et al., More Reliable Lithium‑Sulfur Batteries: Status, Solutions and 
Prospects. Advanced Materials, 2017. 
6. Rana, M., et al., Review on areal capacities and long-term cycling performances of 
Lithium sulfur battery at high sulfur loading. Energy Storage Materials, 2018. 
7. Balach, J., et al., Improved cycling stability of lithium–sulfur batteries using a 
polypropylene-supported nitrogen-doped mesoporous carbon hybrid separator as 
polysulfide adsorbent. Journal of Power Sources, 2016. 303: p. 317-324. 
8. Luo, L., S.-H. Chung, and A. Manthiram, A trifunctional multi-walled carbon 
nanotubes/polyethylene glycol (MWCNT/PEG)-coated separator through a layer-by-
layer coating strategy for high-energy Li–S batteries. Journal of Materials Chemistry 
A, 2016. 4(43): p. 16805-16811. 
9. Tan, L., et al., Lightweight Reduced Graphene Oxide@ MoS2 Interlayer as Polysulfide 
Barrier for High-Performance Lithium-Sulfur Batteries. ACS applied materials & 
interfaces, 2018. 
10. Fan, C.-Y., et al., The Effective Design of a Polysulfide-Trapped Separator at the 
Molecular Level for High Energy Density Li–S Batteries. ACS applied materials & 
interfaces, 2016. 8(25): p. 16108-16115. 
11. Wang, D.-W., et al., Carbon–sulfur composites for Li–S batteries: status and prospects. 
Journal of Materials Chemistry A, 2013. 1(33): p. 9382-9394. 
7 
 
12. He, G., et al., Tailoring porosity in carbon nanospheres for lithium–sulfur battery 
cathodes. ACS nano, 2013. 7(12): p. 10920-10930. 
13. Jayaprakash, N., et al., Porous hollow carbon@ sulfur composites for high‑power 
lithium–sulfur batteries. Angewandte Chemie, 2011. 123(26): p. 6026-6030. 
14. Böttger‑Hiller, F., et al., Twin Polymerization at Spherical Hard Templates: An 
Approach to Size‑Adjustable Carbon Hollow Spheres with Micro‑or Mesoporous 
Shells. Angewandte Chemie International Edition, 2013. 52(23): p. 6088-6091. 
15. Li, Z., et al., A highly ordered meso@ microporous carbon-supported sulfur@ smaller 
sulfur core–shell structured cathode for Li–S batteries. ACS nano, 2014. 8(9): p. 9295-
9303. 
16. Liu, J., et al., A graphene-like oxygenated carbon nitride material for improved cycle-
life lithium/sulfur batteries. Nano letters, 2015. 15(8): p. 5137-5142. 
17. Zheng, G., et al., Amphiphilic surface modification of hollow carbon nanofibers for 
improved cycle life of lithium sulfur batteries. Nano letters, 2013. 13(3): p. 1265-1270. 
18. Seh, Z.W., et al., Stable cycling of lithium sulfide cathodes through strong affinity with 
a bifunctional binder. Chemical Science, 2013. 4(9): p. 3673-3677. 
19. Su, Y.-S. and A. Manthiram, Lithium–sulphur batteries with a microporous carbon 
paper as a bifunctional interlayer. Nature communications, 2012. 3: p. 1166. 
20. Knap, V., et al., Investigation of the self-discharge behavior of lithium-sulfur batteries. 
Journal of The Electrochemical Society, 2016. 163(6): p. A911-A916. 
21. Rana, M., et al., The role of functional materials to produce high areal capacity lithium 
sulfur battery. Journal of Energy Chemistry, 2019. 
22. Rana, M.M., et al., Recent advances on separators to mitigate technical challenges 
associated with re-chargeable lithium sulfur batteries. Journal of Materials Chemistry 
A, 2019. 
 
  
8 
 
Chapter 2: Review on areal capacities and long-term cycling 
performances of Lithium sulfur battery at high sulfur loading. 
 
Published as Masud Rana, et al. "Review on areal capacities and long-term cycling 
performances of lithium sulfur battery at high sulfur loading." Energy Storage Materials 18 
(2019): 289-310. 
 
 
 
 
 
 
 
 
 
 
 
 
9 
 
2.1 Abstract  
Lithium-sulfur batteries (LSBs) show promise as commercial batteries for electric 
vehicles (EV), portable devices and grid storage due to its low cost and high theoretical 
energy density. For EV applications, the areal capacity of LSBs needs to reach ~6 mAh cm-
2 to compete with the state-of-the-art LIBs. However, currently, the practical application of 
LSBs is a great challenge due to low sulfur loading, self-discharge, and low sulfur utilization. 
As such, different strategies have been investigated to improve the feasibility of LSBs at high 
sulfur loading. Such approaches are critical, but few articles have focused on the areal 
capacity at high sulfur loading and long term cycling performance of LSBs. This review 
highlights the recent progress of LSBs at high sulfur loading to achieve feasible areal capacity 
and long-term cycling performance. Particular attention has been placed on the cathode and 
separators modifications, with a discussion around anode and electrolyte modifications to 
improve the LSB performance.   
 
2.2 Introduction 
Since the commercialization of the LIB by Sony in 1991, rechargeable battery 
technology has expanded into a wide range of applications including mobile electronic 
devices [1, 2], power electronics, vehicles, satellites and biomedical devices [3, 4].  At present, 
the largest growth area is in electric vehicles, but the energy density of LIBs is below the 
market requirement.  The LIB can provide a maximum energy density of 240 Wh kg−1 
(Panasonic NCR18650B) with a volumetric energy density of 670 Wh L-1. Also, the LIB is 
expensive, and their durability is limited [5] and there are overcharging safety concerns [6]. 
Consequently, there is a demand for alternative rechargeable battery technology. 
Among the existing energy storage systems, LSBs are a promising alternative for the 
next generation due to the high theoretical capacities of lithium and sulfur - 3.861 Ah g-1and 
1.672 Ah g-1, respectively [7]. Based on the theoretical capacities the total theoretical 
gravimetric and volumetric energy density of LSB can be 2600 Wh kg-1 and 2800 Wh L-1, 
respectively (supporting information). This makes the theoretical gravimetric and volumetric 
energy densities of LSBs approximately 3 to 4 times greater than LIBs (Figure 2.1b). Also, 
the sulfur is naturally abundant and cost-effective (≈$150 per ton) in comparison to transition-
metal oxide cathodes of LIBs, such as LiCoO2 (≈$10 000 per ton) [8, 9]. Despite all these 
merits, the practical performance of LSBs is impeded by low sulfur utilization (<80%) and 
short life (<200 cycles). The poor durability of LSBs is attributed to self-discharge, polysulfide 
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shuttling [10], electrode volume changes [11] and lithium metal anode 
contamination/corrosion [12]. 
The LSB was first proposed in the 1960s [13]. Commercial LSBs are available from 
Sion Power and Oxis Energy. The LSB from Oxis Energy has a gravimetric energy density 
of 350 Wh kg-1 with retention of 250 Wh kg-1 after 80 cycles and a volumetric energy density 
of around 325 Wh L-1[14]. The manufacturers expect that future LSB will have a volumetric 
energy density comparable to that of state-of-the-art LIBs (700 Wh L-1) but more than twice 
the gravimetric energy density with values of 400-600 Wh kg-1. However, this has yet to be 
realized. For the commercialization of LSBs, Wang and co-workers have proposed that the 
LSB areal capacity is at least 4.0 mAh cm-2 to compete with state of art commercial LIBs [15].  
To meet the required energy density and areal capacity of LSBs, a high sulfur loading 
is required [16, 17]. In regard to this, several insightful reviews have been published looking 
into LSB cathodes [18], anodes [19], separators [20, 21], electrolytes [22] and multiscale 
design for the future development of LSBs to achieve high sulfur loading [23]. Although most 
of these reviews show significant progress in the electrochemical performance of LSBs, 
however, particular attention on the progress of cathode, anode, separator, and electrolyte 
on a single platform toward achieving high areal capacity and long term cycling performance 
is missing. This has motivated the authors to write this review, which introduces the selection 
of different materials to modify the different functional components of LSBs with their 
mechanisms to achieve high areal capacity. The scope of this review is to provide recent 
progresses of LSB at high sulfur loading to achieve high areal capacity and long term cycling 
performance (Figure 1a). In addition, the importance of the practically necessary parameters 
in LSBs research such as sulfur loading (mg cm-2), sulfur content (Wt. %), electrolyte/sulfur 
ratio (E/S), voltage window (Li/Li+) and separators coating loading (mg cm-2) are discussed. 
In most of the existing literatures these critical parameters have been given less attentions 
which make difficult to understand the current LSBs researches. Among these parameters, 
sulfur loading (mg cm-2) and content (wt. %) are very crucial parameters which have 
straightforward impact on areal capacity of LSBs. In this review, these two important 
parameters have been considered to see their consequences on the areal capacities of LSBs 
at certain C rate. Finally, based on the progresses achieved for LSBs, a future perspective is 
presented.  
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Figure 2.1. (a) Graphical abstract with different functional components of LSB to achieve 
high areal and long-term cycling performance. (b)  Comparison of the theoretical and practical 
gravimetric and volumetric energy density of LSB and LIB [24-26].  
2.2.1 Functional components and electrochemistry of LSBs. 
The LSB is an energy storage device that converts the chemical energy of lithium and 
sulfur, to electrical energy through electrochemical reactions. The main functional 
components are the anode, cathode, electrolyte, and separator (Figure 2.2).  
Cathode 
The cathode is made of sulfur, as the active material, conductive additives, and binder. 
The cathode is typically deposited on an aluminum foil current collect (Figure 2.2). The pure 
very poor electronic conductivity of sulfur (5×10-30 S cm-1 at 25 °C), necessitates the 
incorporation of conductive additives to maintain smooth electron transport to the sulfur.  
Binders 
Polyvinylidene fluoride (PVDF), carboxymethyl cellulose (CMC), and alginate are 
some of the binders frequently used in LSBs [7]. The main function of the binder is to hold 
the conductive additives and active sulfur together. However, as the binder is not an active 
compound, typically the binder content is minimized to avoid excessive energy density losses. 
Binders also play an important role during charging and discharging to maintain the structural 
and morphological integrity of the electrode. 
Current collector  
The current collector ensures an even distribution of charge through the electrode 
layers. The most commonly used cathode current collector in LSBs is aluminum foil. In some 
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cases, other types of current collectors have been used including carbon paper, graphene, 
carbon cloth, and nickel-foam [27-29].  
Electrolyte 
The electrolyte acts as a medium for Li+ transport between the anode and the cathode. 
The most commonly used LSB electrolyte uses a 1:1 volume ratio of 1,3- dioxolane (DOL) 
and 1,2-dimethoxyethane (DME) solvent, with 1 M lithium bis(trifluoromethane sulfonyl)imide 
(LiTFSI) salt and 0.1 M lithium nitrate (LiNO3).  
Separator 
Separators are used in LSB to avoid unwanted short-circuiting between the anode and 
the cathode. The most commonly used LSB separator is the commercial Celgard separator. 
Other types of separators have been used including glass fibers, polymers and other 
insulating materials [30].  
 
Figure 2.2. A typical representation of the essential components involved in an LSB. 
2.2.2 Mechanisms of LSBs. 
Sulfur has over 30 solid allotropes, the most stable one is the cyclic octa sulfur S8 [31]. 
At the start of discharge, the Li anode is oxidized to Li+, the Li+ is transported through the 
electrolyte to the sulfur cathode. In the cathode, the solid sulfur (S8) accepts the Li+ and an 
electron to produce soluble Li2S8. The Li2S8 is then subsequently reduced to insoluble Li2S or 
Li2S2 through a multistep electrochemical process (Figure 2.3). The opposite reactions occur 
during the charging. During discharge, the sulfur reduction is generally classified into four 
phase transitions to produce solid Li2S or Li2S2 at the end of discharge (Figure 2.3). Each of 
these transitions is characterized by a distinct change in the voltage-capacity profile (Figure 
2.3).  
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Figure 2.3. Voltage profile of LSB showing distinct stages during charge (red) / discharge 
(black) [32]. 
 
The four discharge phases can be described as follows: 
Phase I: The solid sulfur is electrochemically reduced then reacts with the migrating Li+ 
forming soluble Li2S8. 
S8 + 2Li+ + 2e-                  Li2S8 (solid-liquid transition) 
Phase II: The Li2S8 is further lithiated to produce soluble Li2S4. 
Li2S8 + 2Li+ + 2e-            2Li2S4 (liquid-liquid transition) 
Phase III: The soluble Li2S4 is further lithiated to produce soluble solid Li2S2 or Li2S. 
Li2S4 + 2Li+ + 2e-                  2Li2S2 (liquid-solid transition) 
Li2S4 + 6Li+ +6e-               4Li2S (liquid-solid transition) 
Phase IV: Eventually, the reaction tail of solid state Li2S2 produces insoluble and 
nonconductive solid Li2S. 
Li2S2 +2Li+ +2e-             2Li2S (solid-solid transition). 
The solid - liquid-solid transition has a severe impact on the LSB performance as the 
intermediate soluble polysulfides (PS) can diffuse from the cathode to the anode.  
2.2.3 Shuttle limitations of LSBs. 
The discharge process of the LSBs displays two voltage plateaus known as the higher 
and lower voltage plateau [7, 8, 33, 34]. The higher voltage plateau and lower voltage plateau 
contribute 25% (418 mAh g-1) and 75% (1225 mAh g-1) of the total theoretical discharge 
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capacity (1675 mAh g-1) respectively (Figure 2.3). At the beginning of the higher voltage 
plateau, the solid S8 reacts with Li+ to produce high-order PS (Li2S8). Ideally, at the end of 
discharge, the high-order PS is reduced to low-order PS in the cathode (Figure 2.4a). 
However, in practice, some of the soluble high-order PS migrates to the anode through the 
porous separator where it is reduced to low-order PS (Figure 2.4b). This phenomenon is 
called the shuttle effect. The electrochemical reactions that occur in the anode do not 
contribute to the battery energy and consequently, the battery energy density is reduced. The 
low-order Li2S is electronically insulating (electronic resistivity ca. 10-30 S cm-1) [17] and 
impedes Li+ diffusion (Li+ diffusivity in Li2S is ca. 10−15 cm2.s-1) [35]. Therefore, the formation 
of Li2S in either the cathode or the anode can impede the electrochemical reactions. Finally, 
the dissolution and precipitation of the active material during cycling has a severe impact on 
the cathode morphology during cycling. The strain is introduced into the electrodes and can 
encourage the rapid degradation of the LSB electrodes [36]. To know how to design different 
materials that stop PS diffusion, it is important to know the PS dimensions. The following 
(Figure 2.5) shows the schematic diagram of all phases of PSs with their Li-S and S-S bond 
length in Angstrom (Å) [37]. 
 
 
Figure 2.4.  Schematic representation of an LSB condition in an (a) Ideal condition without 
shuttle effect and (b) Practical condition with shuttle effect caused by polysulfide diffusion. 
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Figure 2.5. S-S and Li-S bond length in Angstrom (Å) and their structural view [37-41]. 
2.3 Why need high sulfur loading for LSBs? 
To achieve high areal capacity, a high sulfur loading is required. For LIBs to be 
commercially relevant in electric vehicles, an areal capacity of 4 mAh cm-2 is required [15]. 
Comparing the lower average voltage of LSBs (2.2V) to LIBs (3.5V), the LSB's areal capacity 
will need to be around 6 mAh cm-2 to compete with the state-of-the-art LIBs [42]. Based on 
this, the required sulfur loading can be estimated using:  
Areal capacity (mAh cm-2) =
-1Theoretical S.cap. of LSB (1675 mAh.g )*sulfur loading
1000
 
For an areal capacity of 6 mAh cm-2, a minimum sulfur loading of 3.58 mg cm-2 is 
required. However, in practice, the theoretical specific capacity of sulfur is difficult to achieve. 
Therefore, a higher sulfur loading is needed to produce an areal capacity of more than 6 mAh 
cm-2. 
2.4 Recent progress of LSBs toward high areal capacity. 
Early LSB research, focussed on sulfur utilization and mechanism understanding 
regardless of the sulfur content (wt. %) or the sulfur loading (mg cm-2). However, the LSB 
electrochemical performance is severely reduced at high sulfur loadings (> 2.0 mg cm-2) [43]. 
Obtaining a high areal capacity with a high sulfur load is a major challenge. In addition, with 
a high sulfur loading, there are significant volume changes and the detrimental PS shuttle is 
exasperated – encouraging cell degradation. As a result, many research groups are paying 
attention to producing high sulfur loading LSBs with a high areal capacity and low degradation 
[24, 42].   
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Finally, if the same C-rate is maintained and the sulfur loading is increased, the 
resulting current density will be increased. This higher current density accelerates most 
reported LSB degradation mechanisms. The following sections will discuss the current 
progress of LSBs at high sulfur loading and their mechanistic understanding to introduce high 
sulfur loading.  
2.4.1 Modified cathode to achieve high areal capacity. 
The sulfur electrode of LSBs comprises elemental sulfur, conductive carbon host, a 
binder such as PVDF and a current collector.  Since early research, a lot of researches has 
been carried out to achieve high sulfur loading through cathode modifications. This section 
will introduce some recent advances of high sulfur loaded cathode to obtain high areal 
capacity. 
2.4.1.1 3D frameworks 
Most LSBs researchers use aluminum foil as a current collector with a routine cathode 
slurry coating. The slurry typically contains between 10 - 15 wt. % binder to encourage good 
adhesion with the current collector. The additional binders reduce the electronic conductivity 
of the cathode and compromise the overall energy density. In addition, the typical 2D 
aluminum current collector does not permit high sulfur loading and limits the electron flow to 
active materials through 2D current collect (Figure 2.6a). Freestanding 3D frameworks 
(Figure 2.6b) can replace these 2D current collect structures. At the same time, these 
frameworks provide a backbone for the cathode active material cathode to be incorporated. 
These frameworks have several advantages:   
(i) The large surface area accommodates a large high sulfur-loading and can localize 
the volume expansion. 
(ii) The 3D frameworks are compact, facilitating good distribution of electrons and ions 
to ensure uniform reactions and transport behavior.  
(iii) A corrosion and passivation layer does not exist in 3D electrodes.  
This space is rapidly growing in interest due to the high sulfur loadings that can be achieved. 
Beyond this many researchers have explored both solid sulfur and a liquid PS cathode as the 
active material when using 3D frameworks.  
Zhang's group proposed a hierarchical freestanding highly-conductive, vertically 
aligned carbon nanotube (VACNT) and S composite electrode to increase sulfur loading [44]. 
The VACNTs were easily assembled through a layer-by-layer technique into a robust film 
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with a thickness of around 300 µm. Each layer was around 5-10 µm thick. The ultrahigh 
aspect ratio and good mechanical strength of the VACNTs made the electrode mechanically 
robust. The freestanding electrode was fabricated using a top-down vacuum filtration method. 
Three layers were stacked to produce an electrode with a high sulfur loading of 17.3 mg cm-
2. This cathode had an initial areal capacity of 15.1 mAh cm-2 with a retention areal capacity 
of 11.15 mAh cm-2 after 160 cycles at 0.05 C. This areal capacity is much higher than the 
commercial LIBs.  
Inspired by the structure of a pie, Li et al. [45] designed and developed a freestanding 
pie-like paper electrode. The sulfur was impregnated into a 3D lotus root-like carbon (LRC) 
nanofiber structure. Subsequently, the composite was coated with a thin ethylenediamine 
(EDA)-functionalized reduced graphene oxide (EFG) layer. The LRC nanofibers provide 
electronic conductivity and a hollow space with parallel channel walls to encourage close 
contact between the carbon and the active sulfur - enhancing sulfur utilization. In addition, 
the thin EFG layer enhances the electronic conductivity of the electrode while suppressing 
PS diffusion through polar-polar interactions. At a sulfur loading of 3.6 mg cm-2 (two layers), 
the LSB provided an areal capacity of 4.7 mAh cm-2 with a retention areal capacity of 3.4 
mAh cm-2 after 200 cycles at 0.1 C rate.  
Recently, carbonized cotton has become a promising free-standing cathode for LSBs. 
Fang et al. [46] synthesized a hollow carbon fibers framework (HCFF) through carbonization 
of cotton at 1000° C. The hollow spheres allow for a high sulfur loading and also physically 
confine the PS phases (Figure 2.6c). The HCFF acts as a conductive matrix and facilitates 
a high electrolyte absorption allowing for reactivation of the localized PS within the HCFF. 
The cathode exhibited an exceptional electrochemical performance with an initial areal 
capacity of 23.32 mAh cm-2 and 14.62 mAh cm-2 after 150 cycles at 0.1 C and 21.2 mg cm-2 
sulfur loading.   
More, recently, Chung et al. [47] pioneered a new way to increase sulfur loading. 
Cotton was immersed in graphene oxide (GO) diluted water to allow for uniform GO 
absorption. The structure was then carbonized in an argon-filled tube furnace at 900 °C for 6 
h. A catholyte solution was used as the active material to fill the carbonized cotton yielding 
an electrode with a 75 wt. % sulfur content. A high sulfur loading of 57.6 mg cm-2 delivered 
an initial areal capacity of 38.57 mAh cm-2 with a 28.39 mAh cm-2 retention areal capacity 
after 200 cycles at 0.1 C.  To the best of our knowledge, this is one of the best areal capacities 
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reported. Moreover, the cell exhibited a 95% discharge capacity-retention with a minimal self-
discharge rate of 0.0012 per day.  
Chung et al.  [48] further investigated carbonized cotton to obtain a high sulfur loading 
with the same carbonization process as reported above using a PS catholyte. These LSBs 
were tested both dynamically and statically to see monitor self-discharge and electrochemical 
performance.  The LSBs with a high sulfur loading of 61.4 mg cm-2 (80 wt. % sulfur content) 
demonstrated a high initial areal capacity of 56 mAh cm-2 with a retention capacity of 42.91 
mAh cm-2 after 50 cycles at 0.1 C rate. This unprecedented areal capacity is 14 times higher 
than the areal capacity needed for practical LSBs and is the best amongst the data collected 
in Table. SA.  
Xiong Pu et al. [49] used a CNT sponge as a cathode substrate with a Li2S6 catholyte. 
The high surface area of the CNT sponge provided a large surface area for the liquid PS to 
activate during the electrochemical reactions. The Li2S6 catholyte corresponds to a 4 molar 
sulfur (7.5 μl/mg CNT) and provides an initial areal capacity of 1224 mAh cm-2 with a stabilized 
capacity of 706 mAh cm-2 after 800 cycles at 0.5 C.  
Ragupathy et al. [50] reported an MWCNT/MnO2 modified glass fiber (GF) as a flexible 
cathode with 0.5 M Li2S8 (5 mg cm-2) [50]. The LSBs delivered an initial areal capacity of 6.56 
mAh cm-2 with a retention areal capacity of 4.77 mAh cm-2 after 160 cycles at 0.2 C. The high 
sulfur loading was achieved due to the porous and flexible GF which also served as a 
reservoir of localized PS to enhance the immobilization of polysulfide ions. In addition, the 
MWCNT provided an electronic conductive network to maximize sulfur utilization and the 
MnO2 limited the PS shuttle through a strong chemical binding between the MnO2 and the 
PS. 
Later, Guangmin Zhou et al. [51] synthesized a free-standing N, S co-doped graphene 
sponge with PS catholyte (Figure 2.7i). The authors propose that when the thionic S and the 
pyridinic N are located nearby, the binding strength with the PS increases significantly. This 
yields binding energy of 2.06 eV, which stronger than the individually doped graphene 
samples. The LSBs with the N, S co-doped graphene sponge, delivered an initial areal 
capacity of 7.8 mAh cm-2 and a retention areal capacity of 5.6 mAh cm-2 after 200 cycles at 
0.5 C with a high sulfur loading of 8.5 mg cm-2.  
Qie et al. [52] developed a dual-layer coating of CNFs on the current collector to achieve high 
sulfur loading using LPS solution (1 M Li2S6 in the blank electrolyte) as a starting active 
material. With such an interesting approach, an areal sulfur loading of up to 18.1 mg cm-2 
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was achieved. This made LSBs with an ultrahigh initial areal capacity of ≈20 mAh cm-2 and 
retained to 12 mAh cm-2 after 70 cycles at 0.2 C rate. In this case, the crosslinked 3D carbon 
nanofiber network provided an efficient electron pathway for the insulating discharge/charge 
products, while the large interspaces allowed for excellent electrolyte infiltration. 
Graphene is a highly conductive material with a high surface area (2630 m2 g-1) 
making it attractive for use in LSBs [53, 54]. Graphene is produced on Ni or Au in the presence 
of precursor and gas mixture using mechanical or thermal exfoliation, chemical vapour 
deposition (CVD), and epitaxial growth. Alternatively, reduced graphene oxide (rGO) can be 
produced by chemically or thermally reducing GO. GO can be produced from graphite using 
a range of methods including the hummers method. It contains different functional groups 
including -OH and -COOH, which introduces polar-polar interactions with the PS (Figure 
2.6h).  Several groups chemically reduce GO at low or high temperature to introduce different 
functional groups such as -COOH, -OH or N to improve its functionality with the PS.   rGO in 
comparison with graphene is highly defective, often researchers refer to rGO as graphene.  
Recently, Guangjian Hu et al. [55] focused on pure 3D graphene-foam (GF) with rGO 
as a hybrid porous hierarchical network. This porous network enabled a high sulfur loading, 
excellent electrolyte absorption and accommodated volume expansion. On the other hand, 
the rGO network facilitated fast Li+ transport and the associated functional groups (-OH and 
-COOH) provided sites to anchor the soluble PS intermediates through polar-polar 
interactions. The 3D GF-rGO network shown in Figure 2.6e achieved a high sulfur loading 
(9.8 mg cm-2) with a sulfur content of 83 wt. %. The high areal capacity of 10.3 mAh cm-2 was 
achieved at a 0.2 C rate with a retention areal capacity of 6.3 mAh cm-2 at 350 cycles [56-59].  
 Lu et al. [60] also fabricated a 3D electrode by embedding sulfur into porous graphene 
sponges (S-GS) (Figure 2.6f). The graphene sponges acted as a 3D framework with high 
electronic conductivity to absorb the PS intermediate. Furthermore, the framework provided 
good mechanical support to accommodate the volume changes during cycling. The S-GS 
electrode with 80 wt. % sulfur delivered maximum high areal capacity of 6.0 mAh cm-2 (S 
loading: 12 mg cm-2) at 0.1C rate and maintained 4.2 mAh cm-2 after 300 cycles.  
To encourage physical PS trapping, Peng et al. [61] produced a porous carbon using 
a sucrose and melamine template as a precursor and commercial nano -CaCO3 the 
graphitization as a catalyst. The removal of CO2 during carbonization and CaO dilute HCL 
produced a nano microporous structure. The graphitized C/S composites delivered a high 
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initial areal capacity of 3.6 mAh cm-2 with a retention areal capacity of 2.9 mAh cm-2 after 100 
cycles at 0.1 C rate with a 4 mg cm-2 sulfur loading.   
 
 
 
Figure 2.6. (a) 2D current collector schematic (b) 3D framework schematic (c) SEM image 
of carbonized cotton with associated hollow structure [46]. (d) carbonized cotton with its 
conceptual schematic catholyte absorption view [48]. (e) 3D surface of GF-rGO/S cathode 
[55]. (f) SEM image of interior microstructures of the S-GS with 80 wt. % sulfur  [60]. (g) 2D 
flat Al foil suffers from severe corrosion, 2D GF exhibiting no corrosion behavior and 3D CNT 
abundant macropores limits the corrosion and prevents the embedded cathode from 
passivation  [62]. (h) rGO with different functional groups on its surface. 
Recently, Peng et al. [62] examined the role of three different current collectors as 2D 
Al, 2D graphene film (GF), and 3D CNT (Figure 2.6g). The 3D CNT current collector 
performed well in comparison with the 2D Al and 2D GF current collectors. This was attributed 
to the mechanical strength of the CNT network and inherent porosity due to the large length 
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to diameter ratio of CNTs. Although the 2D GF exhibits high chemical stability and good 
surface adhesion, a passivation layer still forms due to the 2D and non-porous nature of the 
2D GF current collector. The 3D CNT current collector is also chemically stable and exhibits 
good surface adhesion.  However, no passivation layer is observed due to the 3D and 
microporous nature of the 3D CNT current collector. The 3D CNT current collector cathode 
with 60 wt. % sulfur content and a 3.7 mg cm-2 sulfur loading provided a maximum areal 
capacity of approximately 3.4 mAh cm-2 with retention of 2.6 mAh cm-2 after 500 cycles at 0.5 
C rate. 
3D frameworks provide a fertile ground to explore ways to increase the sulfur loading 
of the cathode. In some cases, these frameworks eliminate the need for binders or an 
additional current collect – which improves the battery energy density. The highly porous 
nature of these networks permits high sulfur loading and provides an adequate surface for 
PS to be trapped –physically. Finally, the 3D frameworks, provide a mechanically robust 
structure that can expand and contract without compromising mechanical integrity during 
cycling. However, a negative impact of these structures is the chance of huge electrolyte 
uptake by the 3D porous architecture. This increases the E/S (electrolyte to sulfur) ratio, 
which decreases the energy density. Future fine-tuning of these 3D pathways should aim to 
reduce the E/S ratio and to engineer a pore structure to facilitate physical confinement of the 
PS.  
2.4.1.2 Doped materials 
The carbon materials typically used in cathodes can provide a high surface area and 
a high electronic conductivity. However, the carbon surface is typically non-polar, which limits 
the chemical affinity between the PS and the carbon.  By doping carbon materials, the 
chemical affinity with the PS can be improved without compromising energy density or 
electronic conductivity. Electron rich dopants with a higher electronegativity can improve the 
LSB performance through polar-polar interactions with the PS.   
For example, when N atom is doped into graphene, it can form one of three common 
bonding in the carbon lattice known as graphitic N, pyridinic N, and pyrrolic N (Figure 2.9a). 
N-dopants in graphene can strongly attract PS with large binding energies to effectively 
anchor the soluble PS due to its higher electronegativity (3.07) in comparison with Li (0.98) 
[63]. Beyond this, pyridinic N has an extra pair of electrons making it an electron-rich donor 
with filled p-orbitals. Therefore, it naturally acts as a Lewis Acid site to interact with the Lewis 
acid terminal of the Li in the PS. Pyrrolic N and graphitic N can also enhance PS adsorption. 
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Pyrrolic N and graphitic N both form three sigma bonds and one pi bond in the graphene 
lattice, offering no lone pair electrons to form Li bond. Therefore, the interactions of pyrrolic 
N and graphitic N are not identified as Li bonds rather its form normal intermolecular Keesom 
interactions [64].  
Song et al. [65] produced high sulfur loaded cathode using N-doped graphene. The 
N-doping introduced strong PS adsorption capability. The LSB exhibited a 6.25 mAh cm-2 (S 
loading: 5 mg cm-2) areal capacity and retained 4.55 mAh cm-2 after 100 cycles at 0.1 C. 
Wang et al. [66] have explored using a porous carbon host (PCH)/sulfur composite 
cathode on an N, S doped 3D carbon paper (CP) current collector. This configuration 
achieved a high sulfur loading of 9 mg cm-2. In this case, the doped CP was used to provide 
extra sites to physically and chemically trap the PS.  The doped CP provides more sites to 
anchor the PS through strong lewis acid interactions (Figure 2.7c) in comparison to undoped 
CP. The cell provided a high initial capacity of 9.11 mAh cm-2 with an areal capacity of 7.09 
mAh cm-2 after 300 cycles at 0.2 C rate. Xiang et al. [67] recently introduced N-doped carbon 
and rGO decorated carbon as an effective way to produce cathodes with a sulfur loading of  
8.8 mg cm-2. The carbon skeleton combined with a highly-conductive rGO forms an 
interconnected 3D network. This boosts the electron and ion transport leading to an areal 
capacity of 5.8 mAh cm-2 and improved reversible capacity of 4.6 mAh cm-2 after 50 cycles 
at 0.1C.  
Recently, free-standing layer-by-layer high sulfur loaded cathode using 3D 
interconnected N-doped carbon nanofiber (CNF) framework impregnated with Mn3O4 
nanoparticles (15 nm) also has been shown excellent performance [68]. The 3D CNF 
framework can physically trap the diffusing PS. Authors proposed that the Mn3O4 facilitates 
the high-order PS (4 ≤ n ≤ 8) transformation to thiosulfate (S2O32−), which then forms low-
order PS (Li2Sn, n< 3). This thiosulfate transformation process is shown in Figure 2.7e. The 
process continues until the full conversion of Li2S2 to Li2S. Due to the process reversibility 
[69],  the low-order Li2S converts back to the solid S8 leading to reactivation of solid discharge 
products. The cathode introduced an initial areal capacity of 11.64 mAh cm-2 with a retention 
areal capacity of 8 mAh cm-2 after 60 cycles at 11 mg cm-2 sulfur loading and 0.1 C rate. 
 Keeping in mind the useful properties of commercial ketjen black (KB), recently Zheng 
et al. [70] fabricated an integrated KB (IKB) and sulfur composite cathode with a high sulfur 
loading of 3.5 mg cm-2. They produced new functional groups to the KB through cross-linking 
the commercial KB with citric acid as shown in Figure 2.7d. The citric acid introduced -OH 
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and -COOH functional groups, which anchors the PS through polar-polar interactions.  At 0.1 
C, the composite cathode delivered a maximum areal capacity of 3.5 mAh cm-2 with a 
retention capacity of 2.6 mAh cm-2 after 100 cycles. 
Different heteroatoms with a lone pair of electrons such as N, O, and S are popular 
elements to produce substitutional doping in carbon materials. The doped materials area can 
provide strong anchoring sites for the PS. Among the commonly used doping atoms, N shows 
a strong affinity to PS and has in some cases improves the electrical conductivity of the 
carbon framework [71]. However, the upper threshold of N doping is ~14.5 %, which may limit 
improvements in the future. Although the mechanism for this work is compelling, the sulfur 
loadings and corresponding areal capacities of the cathodes reported above are not as 
impressive as what has been achieved with 3D frameworks. As such, in the future, it would 
be interesting to further explore the combination of the 3D frameworks with doped carbon 
structures.  
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Figure 2.7. (a) and (b) represents the conceptual Lewis Acid bonding polar units and metal 
center with Li+ (or Sx2–) ions. (c) conceptual mechanistic understanding of N and S doped CP 
to inhibit PS diffusion [66]. (d) preparation of integrated KB (IKB) through cross-linking [70]. 
(e)  Mn3O4 transformation process to thiosulfate and vice versa during charge and discharge 
[68]. (f) conceptual schematic view of sulfur encapsulated inside the cases of carbon and TiO 
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[72]. (g) sandwiched commercial sulfur between two current collectors as electrode [73]. (h) 
N containing Polypurolle to constrain Li2S as cathode [74]. (i) N, S co-doped graphene 
sponge with Li2S6 as cathode [51]. 
2.4.1.3 Metal chalcogenides and others 
Beyond carbonaceous materials, metal chalcogenides (oxides and sulfides) have also 
been evaluated for LSBs [57, 75]. These materials possess intrinsic network polarity, where 
the surface metal or chalcogen ions synergistically interact with the PS through Lewis Acid 
bonding. These types of interactions are characterized by the bonding between N, O and S 
polar units (or metal centers, M) and Li+ (or Sx2–) ions [76] (Figure 2.7a&b). Beyond the 
chalcogenides, polymeric materials have been explored which can introduce unique PS 
chemical anchorite sites.  
Recently, Li et al. [72]  investigated titanium monoxide nanopaticle@carbon (TiO@C)  
hollow nanostructures as sulfur hosts, which remarkably improves the LSBs electrochemical 
performance at high sulfur loading. (Figure 2.7f) shows the schematic of the sulfur 
encapsulated inside the carbon and TiO cases.  The electronic conductivity and the polar 
surface of the TiO accelerated the LSB redox kinetics inside the nanochambers and also 
suppressed the PS dissolution through strong lewis acid interaction. The composite structure 
delivered a high initial areal capacity of 5.5 mAh cm-2 followed by a 4.7 mAh cm-2 after 150 
cycles with a 5 mg cm-2 sulfur loading and 0.1 C rate.  
It has been already established that TiS2 can attract PS through lewis acid interactions 
[77, 78]. Recently, Heng et al. [79] proposed a TiS2-PS hybrid cathode and achieved a very 
high 12 mg cm-2 sulfur loading. This cathode performed well with an areal capacity of 11.43 
mAh cm-2 and a retention areal capacity of 7.35 mAh cm-2 after 200 cycles at 0.1 C. The fast 
charge-transfer and superior PS adsorption capabilities of TiS2 allow the hybrid cathodes to 
maintain a good performance despite the high sulfur loading.  
In a similar line of work, Zhang et al.[80] fabricated dual-shelled nanocages with two 
shells of cobalt hydroxide and layered double hydroxides (CH@LDH). The hollow 
nanostructured CH@LDH polyhedral encapsulated a high sulfur content of 75 wt. % 
achieving a sulfur loading of 3 mg cm-2. The LSB delivered a 3.04 mAh cm-2 initial areal 
capacity with a retention areal capacity of 1.97 mAh cm-2 after 100 cycles at 0.1 C rate.  
Gong et al. [81] introduced a conductive poly(3,4-ethylene dioxythiophene)-
poly(styrene sulfonate) (PEDOT-PSS) as a coating on S/BP (black phosphorous) composite 
to produce high sulfur loaded LSBs. The formation of core/shell structure in the 
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PEDOT@S/BP composite promoted excellent electron transport and effectively impeded the 
PS diffusion. The PEDOT@S/BP cathode produced an initial areal capacity of 3.12 mAh cm-
2 with a retention capacity of 2.6 mAh cm-2 after 100 cycles (S loading: 3 mg cm-2) at 0.2 C 
rate.  
Li et al. [73] investigated commercial sulfur sandwiched between two current collectors 
as an effective solution to achieve high sulfur loading (Figure 2.7g). Al foil was used as the 
base current collector. Commercial sulfur (95 wt. %), PVDF (5 wt. %) composite was coated 
on top of the Al foil, followed by subsequent deposition of vapor grown carbon nanofibers 
(VGCF 90 wt. %) with PEO (5 wt. %) and CMC (5 wt. %) as the second current collector. For 
this LSB a sulfur loading of 5.4 mg cm-2 was obtained. The sandwiched LSB delivered an 
initial areal capacity of 4 mAh cm-2 and maintained a 3 mAh cm-2 areal capacity after 100 
cycles at 0.02 C. It was proposed that the PS diffusion impeded by the electronically 
conductive VGCF and the Li+ diffusion was facilitated by the Li+ conductive PEO [82]. In this 
research, the role of the very thin PEO layer on top of the electrode was considered critical 
in obtaining a high areal capacity through permitting Li+ conduction [83].  
 The metal chalcogenides are also great interest to bind PS through Lewis acid 
interactions. To obtain a high sulfur loading, the most promising structures combined both a 
smart porous structure with the chalcogenide material. This allows for both physical and 
chemical confinement of the PS phase.  Beyond the chalcogenides, some polymer materials 
may facilitate a high sulfur loading combined with low degradation. Some polymers such as 
PEO are Li+ conductive. As such, thin films of these polymers can physically sieve the PS 
phase and also encourage excellent charge transfer characteristics.  
2.4.1.4 Li2S as cathode 
Apart from elemental sulfur, lithiated sulfur phases have also been successfully used 
as the active material in LSBs. For example, Li2S is has a high theoretical specific capacity 
of 1166 mAh g-1.  Unlike sulfur, Li2S shrinks during delithiation to sulfur thereby creating 
additional space around it to accommodate the volume expansion in the subsequent cycles. 
However, like sulfur, Li2S has low electronic conductivity. As such, Li2S needs to be 
composited with a conductive material such as carbon [35, 84]. 
Manthiram et al. and his fellow researchers [85], developed a sandwiched cathode 
consisting of pristine Li2S powder between two MWCNT paper layers. A 3 mg cm-2 Li2S 
loading was obtained. The large Li2S particles in the sandwiched electrode required a high 
cut off voltage during the first charge cycle to activate the Li2S. An initial areal capacity of 
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1.45 mAh cm-2 was obtained with a retention areal capacity of 1.18 mAh cm-2  after 100 cycles 
at 0.5 C.  
Zhi Wei Seh et al.  [74] focused on encapsulating Li2S nanoparticles with polypyrrole 
(PPy) conductive polymer. The N atoms in the PPy facilitated Li-N interaction with the Li2S.  
This enabled the PPy to bind and cover the Li2S surface and to constrain the intermediate 
PSs during cycling (Figure 2.7h). In addition, as PPy is electronically conductive, the PS 
phases could easily be reactivated yielding a high initial areal capacity of 0.78 mAh cm-2 and 
retention capacity of 0.55 mAh cm-2 after 400 cycles at 0.2 C. However, the sulfur loading 
was limited to 1 mg cm-2.  
Recently, Yan Chen et. al. [86] demonstrated in-situ formation of Li2S in freestanding 
few-wall carbon nanotubes (FWNTs)@rGO nanobundles. A Li2S mass loading of 1.5 mg cm-
2 was achieved. With this configuration, the cell had an initial areal capacity of 2.09 mAh cm-
2 with a stable capacity of 0.82 mAh cm-2 after 300 cycles at 0.2 C. This cathode configuration 
even delivered a discharge capacity of 0.93 mg cm-2 at a high C-rate of 10 C. The good 
cycling performance was attributed to the electronically conductive FWNTs and the polar-
polar interactions of the rGO with the PS.  
Scalable synthesis of Li2S-C composites has also been reported by Yushin et al. [87]. 
Li2S and polyvinylpyrrolidone (PVP) were mixed in anhydrous ethanol, then dried and fired 
at 700 ⁰C in an inert atmosphere. A 1.4 mg cm-2 Li2S loading was obtained. The strong affinity 
between the polar C=O functional groups, of the PVP, and the PS allowed for a low cell 
degradation during cycling. With this configuration, the LSB demonstrated an initial areal 
capacity of 1.85 mAh cm-2 and retention capacity after 100 cycles of 1.68 mAh cm-2 at 0.2 C.    
Although some promising results are obtained using solid S and Li2S, it is difficult to 
homogeneously mix with other cathode components (i.e. conducting agents and binders).  A 
way to bypass the using solid sulfur or Li2S, is to use the higher-order PSs as the cathode. 
High-order PSs are soluble in the electrolyte, which makes it easier to uniformly disperse the 
active materials in porous structure to make an LSB cathode.  Several groups have achieved 
interesting results for PS-based cathode studies. However, the work in this space is 
somewhat limited to low sulfur loadings. If Li2S is going to be effectively used as an active 
material, novel conductive and porous materials need to be designed to facilitate high loading 
a good LSB performance. Beyond this, the sensitivity of the Li2S to moisture and oxygen, and 
limited synthesis routes to produce Li2S requires more research in the future. Finally, the size 
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of the Li2S particles needs to be reduced to produce practical LSBs [35]. A simple ball milling 
in inert gas condition could be useful to prepare pristine low sized Li2S-carbon composite 
Effect of sulfur loading and content on areal capacity (based on section 2.4.1) 
Figure 8a is a plot of the maximum areal capacity and the areal capacity at the 100th 
cycle at 0.1 C versus the sulfur loading and the sulfur content. Figure 2.8b is a similar plot 
but is for taken at 0.2 C. A full list of the data included in these graphs is described in section 
2.4.1. From the graphical plot in Figure 2.8a, it can be seen that the sulfur content (Wt. %) 
within the range of 75 to 80 Wt. %, the most impressive areal capacities were obtained for 
the freestanding graphene-coated cotton (GCC) (56 mAh cm-2 at 61.4 mg cm-2  sulfur loading) 
[48] and the carbonized cotton (38.57 mAh cm-2 at 57.6 mg cm-2 sulfur loading ) [47] at 75 
Wt. % and 80 Wt. %, respectively. The GCC was only operated for 50 cycles, whereas the 
carbonized cotton LSB was run for 200 cycles with a stable cycling behavior. At these 
relatively similar sulfur loading and content the excellent performance attributed to the 
carbonized cotton with favorable microporous structure and long-range conductive network, 
which facilitates Li+ transport, maintains structural integrity and facilitates low resistance 
electron pathways.    
Interestingly,  0.1 C the porous carbon with high sulfur content (90 Wt. % )  and low 
sulfur loading (4 mg cm-2 ) [61] exhibited maximum areal capacity of 3.60 mAh cm-2 whereas 
the N-doped carbon nanofiber (CNF) with Mn3O4 with low sulfur content (50 Wt. %) and high 
sulfur loading (11 mg cm-2) [68] exhibited areal capacity of 11.63 mAh cm-2, both of which 
were operated at same voltage window Li/Li+ (2.8-1.7). The best performance from the LSB 
with low sulfur content can be attributed to the porous 3D CNF to trap the PS through polar-
polar interactions with physical confinement and thiosulfate transformation process of higher-
order PS with the assistance of Mn3O4 as shown in Figure 2.7e.   
Similar experimental findings can be seen at 0.2 C with similar voltage window Li/Li+ 
(2.8-1.5), where the dual layer of activated CNF with low sulfur content (55 Wt. %) and high 
sulfur loading (18.1 mg cm-2) [52] introduced higher areal capacity (20 mAh cm-2) in 
comparison to the areal capacity (10.3 mAh cm-2) obtained by 3D graphene foam with the 
rGO network with high sulfur content (83 Wt. %) and low sulfur loading (9.8 mg cm-2) [55]. 
The high areal capacity of the activated CNF is attributed to low sulfur content combined with 
the double layer conductive network, which facilitates Li+ diffusion and physically confines the 
PS. On the other hand, the 3D GF–rGO macrostructure acts as an electrolyte reservoir, 
facilitating Li+ diffusion to the sulfur, and can easily accommodate significant volume changes. 
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Beyond this, the rGO sheets were reduced at low temperatures leaving some oxygen-
containing functional groups to bind with the PS through polar-polar interactions. The analysis 
of these two examples at 0.1 C and 0.2 C also suggest that sulfur content and loading should 
have mutual effect on areal capacity. 
At 0.5 C rate, N, S co-doped graphene sponge with PS catholyte [51] exhibited 
maximum areal capacity 7.56 mAh cm-2 and 4.44 mAh cm-2 retention capacity after 100 
cycles at 8.5 mg cm-2 sulfur loading. However, the sulfur content Wt. % was missing from this 
research. The thionic S and the pyridinic N presented in the structure of graphene yielded 
binding energy of 2.06 eV, which retard the PS diffusion leading to high areal capacity. 
 
 
Figure 2.8. The effect of sulfur content (wt. %) and sulfur loading (mg cm-2) on areal capacity 
(mAh cm-2) of LSBs at (a) 0.1 C and (b) 0.2 C respectively. The solid red lines and dotted 
blue line indicate the maximum areal capacity and areal capacity after 100 cycles, 
respectively. 
2.5 Modified separator to achieve high areal capacity  
The Celgard PP separator is commonly used in LSBs to avoid unwanted short circuit. 
The modifications of Celgard PP through a different type of conductive, composite and 
polymer materials is one way to improve the areal capacity of LSBs at high sulfur loading. 
This section will highlight some recent advances of modified separator assisted researches 
at high sulfur loading.  
2.5.1 Conductive materials 
Due to the insulating nature of sulfur, 10-30 wt. % of conductive agents need to be 
added to the cathode to enhance the electrode electronic conductivity. In addition, typically 
10 wt. % binder is added to bind the sulfur and the conductive agents and to ensure good 
adhesion with the current collector. Therefore, the average sulfur content of the sulfur-based 
cathode is typically around 50-65 wt. %, which is far below the active material in commercial 
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LIBs (ca. 90 wt. %) [15, 46, 88]. This cathode conductivity issue can be overcome by coating 
the Celgard PP separator with a conductive layer, which encourages better current density 
distribution and increases sulfur utilization. These separator coatings can also localize and 
reduce PS shuttle.  
Zhu et al. [89] coated GF (glass fiber) separator (Figure 2.9b) with conductive super 
P (SP). The coated GF encourages high sulfur utilization and allows for PS phases to be 
reactivated during subsequent cycles. The SP-coated separator improved the 
electrochemical kinetics with a 40 % reduction in cell overpotential (in comparison to the GF 
separator). The coated separator cell exhibited an initial areal capacity of 4 mAh cm-2 (S 
loading: 3.37 mg cm-2) with a retention areal capacity of 2.46 mAh cm-2 after 200 cycles at 1 
C.   
Zhou et al. [90] focused on graphene-coated Celgard PP separator with a high sulfur 
loading of 4 mg cm-2. With this cell, an initial areal capacity of 4 mAh cm-2 was obtained with 
a retention areal capacity of 2.7 mAh cm-2 after 300 cycles at 0.1 C 
More recently, Fan et al. [91] used a macromolecule graphitic carbon nitride (g-C3N4) 
coating as an effective PS barrier with a high sulfur loading (S loading: 5 mg cm-2) (Figure 
2.9c). The pyridinic-N groups of g-C3N4 provide strong polar-polar interaction sites for the PS 
- improving the long-term cell stability [92]. The g-C3N4 coated separator cell delivered an 
initial discharge capacity of 5.98 mAh cm-2 (S loading: 5 mg cm-2) at 1 C with a retention 
capacity of 4.11 mAh cm-2 after 400 cycles.   
The coating of conductive materials on the convention separators is a proven way to 
trap PSs and reactive them. However, a major technical concern is the coating loading and 
thickness. Excessive coating loadings would reduce the energy density of the final LSB.  
Conductive coatings which also contain strong binding sites for the PS phases allows for 
further improvement of the coating layer. This concept will have explored further in the 
subsequent doped materials section. There are many conductive polymers with a range of 
functional groups. These functional groups can chemically trap the PSs while the conductive 
layer still can facilitate high sulfur utilization and PS activation. However, to date, no studies 
have been completed using conductive polymers with high sulfur loadings.  
Physical encapsulation of PSs in the pores of non-polar carbon materials is an 
effective technique only for short- and medium-term cycling (~a few hundred cycles) [76]. 
The intermediate PSs have weak intermolecular interactions with the non-polar carbon and 
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as such the PSs will eventually diffuse out of the cathode. Therefore, different doped 
materials have been explored as separator coatings.  
Balach et al. [93] achieved a remarkable low fading rate with an N-doped MPC separator 
coating. This cell exhibited an initial areal capacity of 5.38 mAh cm-2 (S loading: 3.95 mg cm-
2) at 0.5 C with a retention areal capacity of 2.23 mAh cm-2 after 1200 cycles. (Figure 2.9d) 
demonstrates that the N-doped MPC easily attracts the Li2S6 by making the solution clear.  
This improves on the already interesting result by Oh et al. [94] who investigated pure 
MPC. Although the two studies present a low fading rate, the study by Balach et al. [93] 
achieved improve long-term stability at a higher sulfur loading (3.95 vs. 2.9 mg cm-2). Similar 
N-doped techniques have been applied in graphene materials by Han et al. [95]. With a sulfur 
loading of 4 mg cm-2, the N-doped rGO (N-rGO) provided an initial areal capacity of 3.37 mAh 
cm-2 and retained 1.77 mAh cm-2 after 200 cycles at 0.2 C (Figure 2.9a).   
An O-doped rGO has also been used as a Celgard separator coating layer [96]. The 
idea behind the O-doping is that it introduces a polar-polar bonding site for the PS. The O-
doped rGO have shown an initial areal capacity of 3.68 mAh cm-2 (S loading: 4 mg cm-2) with 
a retention capacity of 2.37 mAh cm-2 after 600 cycles at 1 C rate. This is even better than 
the B and N-doped rGO results by Han et al. [95].  
Sulfonated acetylene black (AB) (SO3--AB) has a high Li+ conductivity (making it permit 
selective to Li+); encourages polar-polar bonding (between the SO3- and the soluble PS) and 
the AB acts as an upper current collector (facilitating high sulfur utilization). Zeng et al. [97] 
coated a Celgard PP separator with a SO3--AB layer (6 µm thickness, coating loading: 0.13 
mg cm-2). The SO3--AB coated separator exhibited an initial areal capacity of 3.78 mAh cm-2 
(S loading: 3 mg cm-2) with retention capacity of 2.86 mAh cm-2 after 100 cycles at 0.1 C.  
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Figure 2.9. (a) Polar - polar interaction of pyrollic, pyridinic and graphitic N doped graphene 
with PS. (b) conceptual schematic representation of separators coating to stop PS diffusion 
[89]. (c) chemical interactions and physical confinement of PS with g-C3N4 [91]. (d) PS 
absorption test of meso C and N-doped meso C using Li2S6 solution [93]. (e) MWCNT/SPANI 
coated separator for inhibiting PS through polar-polar interaction with -SO3- introduced by 
SPANI [98].    
 
Separators coated with doped carbonaceous materials allow for stronger bonding 
between the PS phases and the carbon materials. The doping of these materials typically 
does not compromise the beneficial inherent electronic conductivity of the carbon coating 
materials. However, as with the pure conductive coating materials, the coating loading needs 
to be minimized to ensure a high energy density. Beyond this, dense separator coatings may 
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impede Li+ diffusion, which would increase cell overpotentials and decrease cell energy 
efficiency. Each material possesses its own intrinsic functional characteristics to PS. For 
example, carbon materials are mostly conductive which can reactivate PS species as a 
secondary current collector. On the other hand, many polymeric, oxide or chalcogenide 
materials are non-conductive which cannot reactivate the trapped PS. However, these 
materials may provide useful functional sites for PS trapping. By compositing non-conductive 
functional materials with carbonaceous materials, the best of both worlds can be achieved. 
These coatings can have an enhanced electronic conductivity while providing unique 
chemical bonding sites for the PS.  
Polyethylene glycol (PEG) is a polyether compound which contains -OH functional 
groups which provide polar trapping sites for the PS. Over the years, several researchers 
have used PEG with MWCNT [99, 100] or MPC [101] as a coating material in LSBs.  
Luo et al. [99] coated the Celgard PP separator with PEG/MWCNT multilayers. Up to 
three PEG/MWCNT layers were deposited on a Celgard PP separator with the hypothesis 
that the void space between the coating layers could physically confine the PS. A triple 
PEG/MWCNT [99] layer was coated on the separator with a coating loading of 0.12 mg cm-2 
- which is low in comparison with other carbon coating separators [100, 102]. The maximum 
areal capacity of 4.74 mAh cm-2 (S loading: 3.9 mg cm-2) was achieved at 0.2 C with a 
retention capacity of 3.10 mAh cm-2 after 200 cycles.  
Yttria (Y2O3) nanoparticles have been composited with an electronic conductor to coat 
a Celgard PP separator [103]. Wang et al. propose that the 4f atomic orbit from the Y 
lanthanide can effectively adsorb PSs.  The Y2O3-KB coating (26 µm thick) produced an LSB 
with an initial areal capacity of 5.27 mAh cm-2 with a retention capacity of 4.08 mAh cm-2 after 
200 cycles (S loading: 5 mg cm-2) at 1 C.  
A composite rGO/MoS2 LSB separator was developed by Tan et al. [104]. This 
composite coating decreased the charge transfer resistance and improved the rate 
performance in comparison to the rGO coated and pristine Celgard separator.  The rGO/MoS2 
coated separator introduced a good initial capacity of 4.08 mAh cm-2 (S loading: 3.64 mg cm-
2) with a retained areal capacity of 2.41 mAh cm-2 after 200 cycles at 0.2 C.  
The MWCNT/SPANI(sulfonated polyaniline)-coated separator [98] also has been 
experimented with as an effective way to achieve a high areal capacity. The MWCNT/SPANI 
composite acted as a porous network to enhance the charge transport and electrolyte 
immersion. This improved sulfur utilization and reactivated the trapped active material. 
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Furthermore, the SPANI provided -SO3- groups for polar bonding with the PS (Figure 2.9e). 
The LSBs with 5 mg cm-2 sulfur loading introduced an initial areal capacity of 5.63 mAh cm-2 
and 4.56 mAh cm-2 after 100 cycles at 0.05 C. 
The composite coating materials are an excellent way to improve the areal capacity of 
LSBs. As with the doped materials, through compositing, the coating layer can be engineered 
to both enhance sulfur utilization and encourage PS trapping. However, the composite 
materials need to be well distributed to ensure an even current density distribution through 
the cathode layer and to provide an adequate number of PS trapping sites.  
Effect of sulfur content and loading on areal capacity (based on section 2.5.1) 
Figure 10a is a plot of the maximum areal capacity and the areal capacity at the 100th 
cycle at 0.2 C versus the sulfur loading and the sulfur content. Figure 2.10b is a similar plot 
but is for taken at 1 C. A full list of the data included in these graphs is described in section 
2.5.1.   
At 0.2 C rate, the similar sulfur content (70 Wt. %) and voltage window Li/Li+ (2.8-1.7), 
the B and N doped GO [95] and rGO/MoS2 [104] exhibited areal capacity of 3.7 mAh cm-2 
and 4.08 mAh cm-2 at relatively similar sulfur loading of 4 mg cm-2 and 3.64 mg cm-2 sulfur 
loading, respectively. At similar parametric conditions, the high areal capacity and low areal 
capacity fading of rGO/MoS2 [104] after 100 cycles can be attributed to the different functional 
groups associated with the rGO and  MoS2 catalysts as a lithium conductor. On the other 
hand, the triple-layered MWCNT/PEG composite coating [99] even with higher sulfur content 
(78 Wt. %) and similar sulfur loading (3.9 mg cm-2) in comparison to the B and N doped GO 
(3.7 mAh cm-2) [95] exhibited higher areal capacity of 4.74 mAh cm-2.  The good performance 
of the MWCNT/PEG coating at high sulfur content and loading is attributed to the void space 
between triple-layer coatings, which physically traps the PS.   
At 1 C rate with similar voltage window Li/Li+ (2.8-1.7), the conductive g-C3N4  coating 
with low sulfur content (54 Wt. %) [91] and the Y2O3/KB composite coating [103]  with high 
sulfur content (84 Wt. %) at similar sulfur loading (5 mg cm-2) exhibited maximum areal 
capacities of 5.9 mAh cm-2 and 5.2 mAh cm-2, respectively. The good performance of C3N4 
demonstrates that the highly electron-rich element N which chemically traps the PS through 
polar-polar interactions. On the other hand, the high areal capacity even at high sulfur content 
from Y2O3/KB coating can be attributed to the oxide group of Y2O3 and high surface scaffold 
of commercial KB to retard the PS diffusion through polar-polar interactions and physical 
confinement. At 70 wt. % sulfur content and 3.37 mg cm-2 sulfur loading conductive super P 
35 
 
[89] exhibited higher areal capacity (4 mAh cm-2) as compared to the areal capacity (3.6 mAh 
cm-2) produced from O-doped rGO at 70 wt. % sulfur content and 3.37 mg cm-2 sulfur loading 
at similar voltage window Li/Li+ (2.8-1.7). 
 
Figure 2.10. The effect of sulfur content (wt. %) and sulfur loading (mg cm-2) on areal capacity 
(mAh cm-2) of LSBs at (a) 0.2 C and (b) 1 C respectively. The solid red lines and dotted blue 
line indicate the areal capacity and areal capacity after 100 cycles, respectively. 
 
2.6. Recent progress of LSBs toward long-term cycling 
In addition to increasing the areal capacity, the LSB long term cycling performance is 
important to achieve commercialization. In this section, we explore the improvements made 
in cycling stability through cathode and separator coating modifications.  
2.6.1 Modified cathode to achieve long-term cycling 
Along with the high areal capacity at high sulfur loading, the long term cycling 
performance is also crucial to characterize LSBs. The following section will discuss some 
recent progress of LSBs to achieve long term cycling performance.  
2.6.1.1 Graphene-based materials 
As discussed previously, graphene materials are very popular because of its excellent 
electrical conductivity and high surface area [105]. Zang et al. [106] introduced graphitic sp2 
carbon nanocages as an efficient host for sulfur in LSBs (Figure 2.11e). In this attempt, the 
sulfur was encapsulated in graphitic carbon nanocages (GCNs). The authors proposed that 
the nanocages (3-5 nm) graphene shells acted as an efficient mini-electrochemical 
nanoreactors as well as PS reservoirs. The porous nanocase maintained the good electronic 
and Li+ diffusion access to sulfur during discharge. The GCNs/S electrode with 77 wt. % sulfur 
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delivered an initial areal capacity of 2.71 mAh cm-2 and 2.10 mAh cm-2 after 1000 cycles at 3 
mg cm-2 sulfur loading at 1 C. Li et al. [107] also found 3D porous graphitic carbon (PGC) as 
an efficient host to load 90 wt. % sulfur. The cathode with a 2.36 mg cm-2 sulfur loading, 
delivered 2.58 mAh cm-2 initial areal capacity and 1.63 mAh cm-2 after 1000 cycles at 2 C rate. 
Graphene oxide (GO) is of interest in LSBs research due to the high concentration of 
various functional groups, which can trap PS. Further, it is mechanically robust. The GO 
nanosheets with naphthalimide-functionalized poly (amidoamine) dendrimers have been 
proved to be a very good cycling stabilizer of LSBs at 93 wt. % sulfur content and 2 mg cm-2 
loading [108]. Especially, the π-π stacking of naphthalimide and GO made the composite 
more strengthened. The oxygen and amine group of the composite effectively trap PS via 
strong polar-polar chemical binding. The naphthalimide/GO/S cathode exhibited initial areal 
capacity of 1.7 mAh cm-2 and 1.3 mAh cm-2 after 1000 cycles.   
Considering the existing limitations of GO, Yuan et al. [109] synthesized a leaf-like GO 
from vapor gorwn carbon fiber (VGCF) by the traditional Hummers method. The leaf-like 
GO/S composite exhibited a stable cycling performance with an initial areal capacity of 2.4 
mAh cm-2 and 0.98 mAh cm-2 after 1000 cycles with a sulfur loading of 2 mg cm-2 at 1 C.  
Graphene foam is another promising PS host. With graphene foam up to 10.1 mg cm-2 sulfur 
loading was introduced by [88]. With this cell, an initial areal capacity of 13.4 mAh cm-2 and 
4.5 mAh cm-2  after 1000 cycles (1.5 C) was obtained With a 3D porous structure of aerogels 
with a graphene/S composite, a sulfur loading of 4.2 to 22.2 mg cm-2 was obtained [110]. The 
cathode introduced an initial areal capacity of 2.7 mAh cm-2 and 1.9 mAh cm-2 after 2000 
cycles at 3 C with 4.2 mg cm-2 sulfur loading.  
Although graphene-based materials have been used to improve the long-term cycling 
stability, the areal capacities are still below the practical requirement. This is primarily due to 
the low sulfur loading. To further improve the long-term cycling stability of graphene-based 
LSBs, the graphene d-spacing could be modified. In addition, the graphene can be doped, 
which will be explored in the following section. The mechanistic relationship between 
graphene and PS needs further exploration. Theoretical calculations (e.g., DFT, molecular 
modeling) combined with in-operando characterization techniques are necessary to 
understand the basic underlying mechanisms and allow for improved material design. Finally, 
for practical applications, if a free-standing 3D graphene current collector is to be used the 
mechanical properties need to be improved. After reduction, the mechanical strength of the 
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graphene is compromised [111]. As such, developing a method to retain mechanical strength 
is needed. 
2.6.1.2 Doped materials 
As discussed previously, different heteroatoms (N, O, and S) are of interest to reduce 
the PS shuttle. The lone pair of electrons of these heteroatoms attracts PS through polar-
polar interactions. The major advantages of these doped materials are to improve the 
electronic conductivity and chemical affinity towards PS, without increasing the LSB weight.  
Although introducing N to graphene can be beneficial, the upper threshold of N doping 
concentrations is ~14.5 % [112]. Qiu et al. [113] found N-doped graphene (NG) as a very 
promising conductive matrix material for fabricating long term cycling performance at 62.5 
wt. % sulfur content and 0.8 mg cm-2 sulfur loading. The LSBs delivered an areal capacity of 
0.80 mAh cm-2 and 0.27 mAh cm-2 at initial and 2000 cycles at 2 C rate, which is far from the 
needed areal capacity for LSBs commercial application.  
Like N, the S atom has a lone pair of electrons which has a strong affinity to bind PS 
in LSBs. Recently, Yan et al. [114] introduced sulfur doped carbon nanotube (s-CNT) 
electrodes for LSBs. The cathodes cycled up to 1300 cycles at a rate of 0.33 C and were 
found to present an initial specific capacity of 811 mAh g-1 with an extremely low decay rate 
(0.025% per cycle) after 1300 cycles. Unfortunately, the sulfur loading was missing from this 
article.  
Niu et al. [115] also adopted N-doped Super P and sulfur composite as a cathode. 
This cathode was coated with a very thin layer coating of black pearl carbon black and 
conductive polymer - (Poly(3,4-ethylene dioxythiophene)/Poly(styrene sulfonate)). The 
coating was carried out by electrostatic spray deposition (ESD) technique to compactly coat 
the whole surface of the cathode with the controllable thickness (Figure 2.11d). The 
electrode delivered an initial areal capacity of 1.66 mAh cm-2 with 0.94 mAh cm-2 after 1000 
cycles with 2 mg cm-2 sulfur loading at 1 C rate. The credit of cycling stability is attributed to 
the high surface area (1400 m2 g-1) of black pearl and the SO3- group from the styrene 
sulfonate, which physically and chemically binds PS.  
Currently, Wu et al. [119] introduced N, O-doped 3D hierarchical carbon material as 
an excellent sulfur host for LSBs applications. The co-doping reduced the LSB impedance 
and improved the LSBs rate capability. The LSBs delivered an initial areal capacity of 0.80 
mAh cm-2 and 0.62 mAh cm-2 after 1000 cycles at 1 mg cm-2 sulfur loading at 2 C. However, 
the areal capacity in this cell is too low for practical applications.  
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Considering the maximum Li2S8 dimension of 2 nm [120], Thieme et al. [121] decided 
micropores  (<2 nm), mesopores (2 nm ≈ 50 nm) and macropores (>50 nm) carbon (DUT-
107) with a high surface area (2088 m2 g-1) to be effective PS host for LSBs. A prelithiated 
hard carbon anode with a stable areal capacity of 3.0 mAh cm-2 was used as a substitute for 
the lithium anode and cycled with the DUT-107/S cathode. The full LSBs with 69.7 wt. % 
sulfur content and loading of 2.9 mg cm-2 delivered 1.26 mAh cm-2 initial areal capacity and 
0.31 mAh cm-2 after 4100 cycles at 1 C rate. Although these areal capacities look low, this is 
an interesting result for a full LSB.   
 
 
 
Figure 2.11. Schematic illustration of (a) high sulfur-loaded MWCNT/SnO/S [116]. (b) 
Vertically aligned WS2 CNFs with uniform sulfur deposition through hydrothermal 
approach[117]. (c) TiO2 coated hollow SiO2 as a PS host [118]. (d) MPBL-coated cathode 
with physical and chemical adsorption of PS [115] (e) S/(G-GCNs) composite with graphitic-
carbon nanocages to physically trap polysulfides [106].    
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The use of doped carbon as a host material presents an excellent strategy to improve 
the long-term cycling stability of LSBs. However, to date, these cathodes do not have a high 
sulfur loading and consequently the areal capacities after long term cycling are too low. 
Although traditional elements including N, S, and O have been extensively researched. 
Exploring functional groups such as -COOH, -NH2 and -SO3- could open up the possibility of 
further improved long-term cycling stability.  
 
2.6.1.3 Metal oxides and sulfides 
Metal oxides and sulfides for PS are among the highest reported, which is due to Lewis 
acid bonding [122]. Especially, the Metal centers with free d-orbitals can coordinate with 
nucleophilic Sx2- anion clusters. It was reported that cobalt (Co) and titanium (Ti) show high 
PS binding energies to form Lewis Acid interactions with PS. The LSBs with sulfur- 
mesoporous TiO2 metal oxide is a very good example to produce long term cycling 
performance at 71 wt. % sulfur content and 0.6 mg cm-2 loading [57]. Especially, chalcogen 
ions synergistically interact with the PS through metal sulfur bonding and oxide group through 
polar-polar interactions. The areal capacities were obtained 0.62 mAh cm-2 and 0.41 mAh cm-
2 at initial and 1000 cycles, respectively, at 0.5 C rate. 
Recently, Xue et al. [118] introduced TiO2 as a nano coating layer on the hollow 
spheres of SiO2 (Figure 2.11c). The mesoporous hollow sites of SiO2 facilitated maximum 
sulfur content of 80 wt. % along with polar-polar interactions with the PS leading to a long life 
cycle of 1000 at 1 C rate. However, this work was missing of sulfur loading mg cm-2. Pang et 
al. [123] carried out interesting research with a graphene-like nano-architecture transition 
metal Co9S8 for LSBs electrode. The metal sulfides Co9S8  are commonly well known for their  
Lewis acid coordination also partially contribute to the strong bonding with the PS through 
the polar-polar interaction [124, 125].  Apart from this, the metal Co9S8 also provides high 
electronic conductivity up to 0.29 × 103 S cm-1 [126]. These interesting properties of Co9S8 
introduced the Co9S8/S composite as a very promising electrode with 75 wt. % sulfur content 
and 4.5 mg cm-2 loading leading to a high areal capacity of 3.99 mAh cm-2 and 1.10 mAh cm-
2   at initial and 1500 cycles at 0.5 C, respectively.  
Naturally, abundant Cobalt disulfide (CoS2) serves as a conductive sulfiphilic host to 
suppress polysulfide redox. Additionally, this half-metallic CoS2 exhibits an appreciable 
conductivity of 6.7 × 103 S cm−1, which is potentially required for sulfur utilization in LSBs. 
Recently, Kim et al. [124] have found CoS2  with graphene based sulfur cathode as a 
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promising PS host material. It produced an initial areal capacity of 2.9 mAh cm-2 in the first 
cycle with maintaining 0.93 mAh cm-2   after 2000 cycles with a sulfur loading of 2.9 mg cm-2 
at 2 C.   
Many interesting pieces of researches have been carried out to develop metal oxide-
based nanostructured electrodes with multifunctional and intriguing physical/chemical 
properties to mitigate the shuttle effect. However, enlightening work is the fabrication of 
flexible LSBs, which requires more research to achieve by using traditional metals.  Besides 
this research, it is also highly necessary to study the related fundamental scientific issues to 
understand the electrochemical mechanisms of emerging metal oxide-based LSBs to 
investigate the physical/chemical properties of the interface within the hybrid structure as well 
as their effects on the electrochemical performance. Lastly, the progress of metal oxide 
research for high sulfur loading is still under the practical requirement.   
2.6.1.4 Composite materials 
As discussed above, the composite materials have PS retarding ability through 
synergetic effect. Composite materials can be engineered to provide excellent properties to 
the LSB cathode. Apart from the progress made in resulting electrochemical performance of 
LSBs at high sulfur loading, composite materials also have exhibited long term cycling 
performance.   
In 2016, Kim et al. [116] introduced a mechanically robust MWCNT-SnO composite 
and obtained a high sulfur loading of 6.2 mg cm-2 with 70 wt. % sulfur content. The SnO is 
mechanically robust and is a well-known oxidation catalyst [127]. The purpose of the 
combination of the SnO with the MWCNTs was to improve the mechanical strength of 
cylindrical MWCNTs. The aim is to alleviate the shear stress generated during PS volume 
changes. The conceptual schematic of MWCNT/SnO/S is shown in Figure 2.11a, where the 
MWCNTs are filled with SnO. The SnO nanoparticles provide efficient electron transport 
pathways and can potentially attract PS through polar-polar interactions. The MWCNT-SnO/S 
cathode LSB delivered an initial areal capacity of 5.85 mAh cm-2 and 3.01 mAh cm-2 after 
1000 cycles at a 0.5 C rate.  
The current collector is certainly an essential component of LSBs to maintain 
continuous electron flow to get access to sulfur during the discharge process. Especially, for 
a better electrode integration to produce high areal capacity at high sulfur loading. Recently, 
Peng et al. [62] put attention on macroporous 3D CNT current collector to achieve long term 
cycling stability. Initial screening was taken to understand the effect of 2D aluminum, 2D GF 
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and 3D CNT as a current collector for a conventional CNT/S electrode. Realizing the 
importance of 3D CNT than others, authors carried out experiments with an electrode 
comprising of hollow graphene nanosheets/S and cellular graphene framework/S, 
respectively. The cellular graphene framework/S produced a relatively maximum areal 
capacity of 3.17 mAh cm-2 and long lasted for 1000 cycles providing an areal capacity of 2.2 
mAh cm-2 afterward at 3.9 mg cm-2 sulfur loading at 0.5 C.  
Recently, MnO2 has grabbed considerable attention to entrap PS through thiosulfate-
polythionate conversion [128]. The Mn ions undergo redox reaction with the electrochemically 
formed PS anions to form functional thiosulfate groups (S2O32-) on its surface which 
eventually become catenated with the long-chain PSs (Li2S8 and Li2S4) through the S-S bond 
to form polythionate complexes (O3S-Sx-2-SO3)2-. These catenated S-S chains in the 
polythionate are electrochemically alive during the following charge-discharge processes. 
Liang et al. [69] obtained long term cycling performance from sulfur/manganese dioxide 
nanosheet composite with 75 wt. % sulfur content. The LSBs exhibited an initial areal capacity 
of 0.86 mAh cm-2 (S loading: 1 mg cm-2) and retained to 0.19 mAh cm-2 after 2000 cycles at 
2 C. However, low areal capacity requires more research onwards.  
2D WS2 deposited on carbon nanofibers (CNFs) has shown tremendous electrochemical 
performance for LSBs [117]. In the flaky-structured C@WS2 composite, the dense WS2 
nanosheets were wrapped around and anchored on the CNFs strongly as shown in (Figure 
2.11b).    The authors proposed that the polar functional groups from the WS2 hindered PS 
diffusion leading to long-term cycling stability. The C@WS2/S electrode with 2 mg cm-2 S 
loading provided a 1.2 mAh cm-2 and 1 mAh cm-2 areal capacity at initial and 1500 cycles, 
respectively at 2 C. 
Multifunctional composite cathode materials are a proven way to produce long-term 
cycling stability. The synergistic benefits from the individual composite components are a 
promising avenue to design smart, multifunctional structures. The most impressive of the 
one's review is the MWCNT/SnO composite which achieves a high sulfur loading, but 
unfortunately, the performance at 1000 cycles (3.01 mAh cm-2) is below the practical level 
required for LSBs. Several issues need to explore for these composite materials to improve 
cycling stability. This includes:  
(i) The essential intrinsic properties of the individual composite materials should be 
defined on how they individually interact with PS.  
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(ii) The sulfur loadings of these cells need to be increased for these materials to be 
useful in practice. 
Effect of sulfur content and loading on areal capacity (Section 2.6.1) 
Figure 2.12a is a plot of the maximum areal capacity and the areal capacity at the 
600th cycle at 0.5 C versus the sulfur loading and the sulfur content. Figure 2.12b and Figure 
2.12c are similar plots, but for 1 and 2 C, respectively. A full list of the data included in these 
graphs is included in section 2.6.1.  
At 0.5 C, within the sulfur content of 70 to 75 Wt. % the SnO/MWCNTs [116] with 70 
Wt. % sulfur content and 6.2 mg cm-2 sulfur loading exhibited a maximum areal capacity of 
5.8 mAh cm-2 and maintains 3.78 mAh cm-2 after 600 cycles. It is worthwhile to mention the 
performance of metal sulfide Co9S8 [123] with 75 Wt. % sulfur content and 4.5 mg cm-2 sulfur 
loading. Even though the initial areal capacity 3.99 mAh cm-2 close to the LIB (4 mAh cm-2), 
it seems only to drop to 2.52 mAh cm-2 after 600 cycles and long lasted for 1500 cycles. The 
long-run cycling performance with low areal capacity fading can be attributed to high binding 
energies between the free d-orbitals of the Co metal centers and the nucleophilic Sn2- anion 
clusters. In other words, both polar-polar Li-S (O) interaction and Lewis acid bonding, 
depending on the exposed facets are both applied in this case. 
  At 1 C, the studies typically have around 2 mg cm-2 sulfur loading. The LSB with the 
sp2 carbon nanocages (sulfur content 77 Wt. % and 2.71 mg cm-2 sulfur loading) [106] 
exhibited a maximum initial areal capacity of 2.71 mAh cm-2 and then decreased to 2.48 mAh 
cm-2 after 600 cycles. This can be attributed to the physical confinement of PS inside the 
nano cases of carbon and their reactivation.  On the flip side, the doped materials struggle to 
achieve a good areal capacity. As mentioned in the previous section, the sulfur loadings and 
corresponding areal capacities of the cathodes reported above are not as impressive as what 
has been achieved with other materials, especially the 3D frameworks. As such, in the future, 
it would be interesting to further explore the combination of the doped materials with other 
functional materials. The higher initial areal capacity can be attributed to different the many 
functional groups of GO which produce polar-polar interactions with PS.  One attempt was 
taken with 93 Wt. % and 2 mg cm-2 sulfur loading, which exhibited maximum areal capacity 
of 1.7 mAh cm-2   low continued to 1000 cycles. This sulfur content of this research is probably 
higher than the other literature that has been discussed in this review. 
At 2 C, the studies are below 3 mg cm-2 sulfur loading. Both CoS2 (75 Wt. % sulfur 
content and 2.9 mg cm-2 sulfur loading) [124] and N-doped graphene (62.5 Wt. % sulfur 
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content and 0.8 mg cm-2 sulfur loading) [113]  introduced superior cycling stability till 2000 
cycles with initial areal capacity of 2.9 mAh cm-2 and 0.80  mAh cm-2, respectively. The higher 
initial areal capacity of CoS2 can be attributed to its high electronic conductivity of   6.7 × 103 
S cm-1. The long-run life of this cell is attributed to a combination of polar-polar and Lewis 
acidic interactions with PS. On the other hand, polar-polar interactions of pyridinic N with PS 
can be the reason for long run cycling performance of N doped graphene.   
All in all, in these C rate operations, different materials group present a mixed level of 
battery performance. However, the CoxSy is quite promising to explore due to its 
characteristic free d-orbit. 
 
Figure 2.12. The effect of sulfur content (wt. %) and sulfur loading (mg cm-2) on areal capacity 
(mAh cm-2) of LSBs at (a) 0.5 C, (b) 1 C and (c) 2 C. The solid red lines and dotted blue line 
indicate the maximum areal capacity and areal capacity after 600 cycles, respectively. 
2.6.2 Modified separator to achieve long-term cycling 
The Celgard PP separators are electronically insulating, but the porosity allows the Li+ 
to diffuse through the separator to complete the LSB electrochemical reactions. However, 
these pores also facilitate the PS shuttle. Coating the Celgard PP separators with conductive 
carbons, polymers, and functional materials is a promising technique to improve long-term 
cycling stability.  Over the years, many efforts have been made to modify the Celgard PP 
separators to suppress the PS in LSBs. The following section will introduce and discuss 
different promising materials that have been used to produce long term cycling performances. 
2.6.2.1 Composited materials  
Considering the slow conversion kinetics of PS in LSBs, recently, Fan et al. [129] 
introduced 2D layered metal selenides (MoSe2) with reduced GO, which can simultaneously 
achieve the thermodynamic and kinetic regulation for PS diffusion. The sulfur loading of 1.3 
mg cm-2 exhibited 1.47 mAh cm-2 initial areal capacity with a retention areal capacity of 0.68 
mAh cm-2 after 1000 cycles at 0.5 C. MOF materials are brittle and heavy. However, it has 
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grabbed considerable attention in LSBs applications due to its small window size (Figure 
2.13a). The Cu3(BTC)2 (HKUST-1) is a very good example has been demonstrated by Bai et 
al. [130].  The authors made a composite of this MOF with GO and coated this onto the 
Celgard PP separator (Figure 2.13a). The MOF/GO coating with a sulfur loading of 0.80 mg 
cm-2 was operated at 1 C, but showed a low initial and end areal capacity of 0.98 mAh cm-2 
and 0.69 mAh cm-2 (1500 cycles) respectively.  
  
 
Figure 2.13. Schematic illustration of (a) MOF/GO coated separator with a small window of 
MOF [129]. (b) PS interactions with a respective electronegativity of TiO2 and TIN [131]. (c) 
sulfur-hydroxylated carbon nanotubes (S-HCNTs) cathode and its mechanism to inhibit PS 
[132]. (d) functional polymer electrolyte for inhibiting PS [133].  
 
  Twinborn TiO2-TiN with graphene (G) [131] heterostructures enabled 2000 cycles with 
0.99 mAh cm-2 initial areal capacity which end up with 0.97 mAh cm-2 at 1.2 mg cm-2 sulfur 
loading and 1 C rate. (Figure 2.13b) shows the mechanism of TiO2 and TiN with their 
respective electronegativities which facilitate PS binding. TiO2 [134] has also been 
composited with graphene with a sulfur loading of 1.2 mg cm-2. This cell produced an initial 
areal capacity of 0.81 mAh cm-2 at 2 C with a retention areal capacity of 0.59 mAh cm-2 after 
1000 cycles. Although this latter result is interesting considering the relatively high C-rate, the 
areal capacity is still too low to be commercially useful. Kong et al. [135] coated a Celgard 
separator with MnO2@CNT/GO. The coated separator acted as a multifunctional PS-trapping 
shield. The interwoven CNT network provided a large surface area to adsorb PS and a 
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continuous electronic network to enhance electron transport. The GO was introduced to 
chemically bind the PS through polar-polar interaction. The LSB achieved an initial areal 
capacity of 2.5 mhA.cm-2 (S loading 2.37 mg cm-2) with an areal capacity of 0.69 mhA.cm-2 
after 2500 cycles at 1 C.  Very recently, Liu et al. [136] produced a V2O5-decorated carbon 
nanofiber (VCNF) as an interlayer for LSBs. The interlayer assisted LSBs were operated at 
3C and had an areal capacity of 1.79 mAh cm-2 and 1.15 mAh cm-2 initial and after 1000 
cycles respectively (S loading: 2 mg cm-2).  
The composite materials for Celgard separator coating have achieved long term 
cycling performance up to 2000 cycles. Such cycling stability can be attributed to the 
synergistic benefits from different materials composition. However, the merit of individual 
materials with their respective properties need to be addressed well to better understand the 
mechanism in LSBs. In addition, the increment of sulfur loading to improve the areal capacity 
is more desirable. 
2.6.2.2 Metal organic frameworks 
Metal-organic frameworks (MOFs) is a class of crystalline materials with ultrahigh 
porosity (up to 90% free volume) and internal surface areas, (beyond 6 000 m2 g-1). The 
porosity of these structures is tuneable, which opens the possibility for the MOF to permit Li+ 
diffusion, but stop PS diffusion.  However, these MOFs are brittle and have low electronic 
conductivity.  
Prussian Blue (PB) is a MOF material that is stable, non-toxic and can be mass-
produced [137]. The 100-300 nm PB cubes were coated onto the Celgard PP separator 
through the water bath process and turned the separator blue. This pore size is too high in 
comparison to Cu3 (BTC)2 (HKUST-1) even many times higher in comparison to the PS 
dimension [130].  Although the Prussian blue modified Celgard separator revealed an 
average capacity of only 0.03% per cycle at 1C after 1000 cycles, critical information about 
the sulfur loading was missing.  A novel metal organic framework (MOF)-derived Co9S8 
nanowall array with vertical hollow Nano architecture has been demonstrated for separators 
coating [138]. The coated separator exhibited 1000 cycles at 5.6 mg cm-2 sulfur loading and 
1 C with the areal capacity of 4.9 mAh cm-2 and 2.9 mAh cm-2 at the initial and final cycle. 
However, detailed information about MOF was missing in this research.  
The tuneable porosity combined with the high surface area of MOFs is an exciting field 
for separator coatings. However, the non-conductive and brittle nature of MOFs has limited 
their wide-spread use in LSB applications. Beyond this, the MOFs often have complex and 
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heavy elements, which is detrimental to the LSB energy density. This said the MOF-derived 
Co9S8 structure has very promising cycling stability. Further processing work is required to 
facilitate a thin MOF loading on the separator and possibly combined with a conductive 
carbon to improve in-plane conductivity.   
2.6.2.3 Doped materials 
Doping common materials can be a simple way to encourage PS trapping, without 
increasing the LSB weight. The electron-rich graphitic, pyridinic and pyrrolic N these kinds of 
chemical interactive atoms which create polar-polar interactions with PS [139]. Keeping in 
mind, Zeng et al. [140] doped honeycomb carbon materials with electron-rich elements P and 
N to improve the LSBs performance.  The dual doped coated separator had a 4 mg cm-2 
sulfur loading and exhibited a 3.77 mAh cm-2 initial areal capacity and an areal capacity of 
1.75 mAh cm-2 after 900 cycles at 1 C.   In a similar fashion, Pang et al. [141] introduced an 
ultralight MWCNT with N-doped carbon quantum dots (MWCNT/NCQD) as a separator 
coating. The quantum dots provided oxygenated functional groups (-OH, -COOH) which 
provided strong PS binding. The coated separator was operated at 1 C, with an initial areal 
capacity of 1.73 mAh cm-2 and an areal capacity of 0.85 mAh cm-2 after 1000 cycles initial 
and final areal capacity (S loading: 1.5 mg cm-2). Recently, Wu et al. [132] coated sulfur-
hydroxylated carbon nanotubes (S-HCNTs) cathodes and Celgard PP separators with 
hydrophilic polydopamine (PD) (Figure 2.13c). This configuration provided two layers of 
defence to the PS. When operated at 2C, this LSB exhibited an initial areal capacity of 1.8 
mAh cm-2 and an areal capacity of 0.70 mAh cm-2 after 3000 cycles (S loading: 1.8 mg cm-2).  
There is a wide range of interest dopants and functional groups that can be used to 
enhance the long-term cycling performance of LSBs. However, in many cases, the sulfur 
loading is below 2 mg cm-2. To push the limits of what these coatings can do, the sulfur 
loading needs to be further increased.  
Effect of sulfur content and loading on areal capacity (Section 2.6.2) 
Figure 2.14a is a plot of the maximum areal capacity and the areal capacity at the 
600th cycle at 1 C versus the sulfur loading and the sulfur content. Figure 14b is a similar plot, 
but at 2 C. A full list of the data included in these graphs is included from section 2.6.2.  
At 1 C, only the MOF-derived Co9S8 with 70 Wt. % and 5.6 mg cm-2 sulfur loading [138]  
exhibited a high initial areal capacity 4.9 mAh cm-2. The N, P doped carbon with 79.7 Wt. % 
and 4 mg cm-2 sulfur loading [140] produced areal capacity 3.77 mAh cm-2. The other 
materials all had low areal capacities. For the MOF-derived Co9S8, the maximum areal 
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capacity can be attributed to the tuneable porosity of MOF and the crystal faces of well-
aligned Co9S8. For Co9S8 the high binding energies between the characteristic free d-orbit of 
Co with Snx- can facilitate polar-polar Li-S (O) interaction and Lewis acidic bonding. The low 
initial areal capacity of the N, P doped carbon can be attributed to the high sulfur content in 
comparison to the MOF-derived Co9S8 [138]. The MnO2/GO/CNT [135] with 65 Wt. % and 
2.3 mg cm-2 sulfur loading exhibited 2000 cycles, wheres TiO2-TiN [131] with 88 Wt. % and 
1.2 mg cm-2 sulfur loading exhibited 2500 cycles at 1 C. 
At 2 C, there are only two pieces of work that can be referred to - Graphene/TiO2 (82 
Wt. % and 1.2 mg cm-2 sulfur loading) [134] composite and S-HCNTs (50.8 Wt. % and 1.8 
mg cm-2 sulfur loading) [132]. None of them are close to the expectation of LIB (4 mAh cm-2). 
However, the doped S-HCNTs perform 3000 cycles with an initial areal capacity of 1.7 mAh 
cm-2 and retention areal capacity of 1.3 mAh cm-2 after 600 cycles. In comparison to the 
cathode-assisted techniques, the separator-assisted looks less effective but still can be 
treated as supplementary techniques to improve the LSB cycling performance.   
 
 
Figure 2.14. The effect of sulfur content (wt. %) and sulfur loading (mg cm-2) on areal capacity 
(mAh cm-2) of LSBs at (a) 1 C and (b) 2 C. The solid red lines and dotted blue line indicate 
the maximum areal capacity and areal capacity after 600 cycles, respectively.  
2.7. Modified electrolyte to achieve high areal capacity and long-
term cycling 
 
The electrolyte is a crucial part of LSBs, as the soluble PS can easily dissolve in the 
organic electrolyte commonly used in the LSBs providing an ionic medium for a battery to 
work. However, the dissolved PS long-range PS dissolves in the electrolyte. These dissolved 
PS phases have a strong tendency to migrate out from the cathode region through the porous 
polymeric separator to the anode, region through the porous separator due to the chemical 
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potential and concentration differences gradient between the two electrode regions. To 
overcome this PS diffusion, different strategies have been reported so far in LSBs [4]. 
Electrolyte modification using additives is one possible strategy where different components 
of electrolyte are modified to achieve improve LSB s performance [142]. Over the years, 
researchers have noticed that modification of Li salts, solvents [143] or additives [144] of 
electrolyte appears to be effective for LSBs performance. A lot of progress has been achieved 
by using ether-based electrolytes for LSBs [145].  DOL-DME solvents are frequently used in 
LSBs which LSBs, however, they suffer from low boiling and flashpoints, and therefore pose 
significant safety risks for operation at elevated temperatures. Keeping this in mind, Xu et al. 
[146] designed a novel carbonated electrolyte 1 M LiODFB/EC-DMC-FEC with stability up to 
60 ° C. Authors reported the high ionic conductivity (7.2 mS cm-1) of the carbonated 
electrolyte at room temperature and achieved  1100 cycles with a reversible capacity 
afterward of 1400 mAh g-1 at 1C.  Recently, Qu et al. [133] demonstrated that sandwich-
structured -OH containing Cellulose polymer electrolytes could be more feasible in achieving 
1500 cycles at 4 C rate with a high initial areal capacity of 5.1  mAh cm-2 a stabilized capacity 
of 2.9 mAh cm-2 (Figure 2.13d).  On the other hand, Zhang et al. [147] used sulfur containing 
electrolyte rather than using a pure electrolyte. They noticed that 2.58 mol.L-1 of sulfur in the 
electrolyte can produce high coulombic efficiency in comparison to 1.12 mol.L-1 sulfur loading. 
The LSB with high sulfur loading exhibited a high initial discharge capacity of 1053 mAh g-1 
at 1 C with an ultralow decay rate of 0.049 % / per cycle after 1000 cycles. 
The electrolyte modification significantly contributes in achieving long-term cycling 
performance in LSBs. The -OH containing cellulose polymer electrolytes exhibited an initial 
areal capacity of 5.1 mAh cm-2 higher than LIBs (4 mAh cm-2). Such performance was 
obtained from the functional -OH groups which served as PS binder through polar-polar 
interactions. The sulfur containing electrolyte also exhibited 1000 life cycles, however, the 
total amount of sulfur was not clear. The ionic conductivity of the electrolyte is a crucial part 
to maintain stable electrochemical performance. In this regard, the chronoamperometry tests 
could be beneficial in determining the Li+ transport through the modified electrolyte.  
2.7.1 E/S ratio  
Apart from electrolyte modification, the amount of electrolytes in LSBs is critical for 
overall performance due to the dissolution of high order polysulfide in electrolytes. To balance 
energy density, power density and cycle life of LSBs, the amount of electrolyte has to be 
controlled carefully.  
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For example, Zhang et al. [148] studied the effect of E/S ratio at a relatively low loading 
level (≤ 2 mg cm-2) and found that there was an optimum ratio for better cell performance. 
The authors tested three different E/S ratios (13.3 µL mg-1, 10 µL mg-1 and 6.5 µL mg-1) with 
fixed sulfur loading. Among them, 10 µL mg-1 provided the best combination of high areal 
capacity (1.91 mAh cm-2) and retention capacity (1.56 mAh cm-2) after 100 cycles. The high 
(13.3 µL mg-1) and low amount (6.5 µL mg-1) of electrolyte introduced a dramatic fading rate 
and unstable cycling behavior, respectively. Zeng et al. also achieved similar fashion of 
performance at different E/S ratios [149]. Hagen et al. studied the E/S ratio at a much higher 
loading level of 6.6 mg cm-2 and recommended E/S ratio to be higher than 7 for the cell to 
work effectively [150]. Recently, Manthiram et al. studied the effect of the E/S ratio at a much 
higher sulfur loading of 57.6 mg cm-2 [47]. Here, LSBs with various E/S ratio’s (6, 5.4, 4.8 and 
4.2 µL mg-1) were tested, where, 6 µL mg-1 exhibited the best performance with the 
unprecedented initial areal capacity of 38.57 mAh cm-2 and retention areal capacity of 28.39 
mAh cm-2 after 200 cycles. The lowest amount of electrolyte 4.2 µL mg-1 exhibited initial areal 
capacity of 31.04 mAh cm-2 with a retention capacity of 20.50 mAh cm-2 after 200 cycles.  
Ding et al. [151] experimented with the effect of high (80 µL) and low (10 µL) volume 
of electrolyte for LSBs on coulombic efficiencies with similar sulfur loading. The lower and 
higher electrolyte volume produced coulombic efficiencies of 99.1 % with decent cycling and 
66.4 % with poor charging performance, respectively. The notable performance by lower 
electrolyte volume can be attributed to the increased viscosity of electrolyte in the presence 
of PS concentration that possibly slowed down the diffusion of PS from cathode to anode.  
The effect of electrolyte volume on cycling performance of LSBs can be found in detail in 
reference [148] describing the electrolyte volume optimization to the high-performance LSBs.  
The degradation and sulfur utilization of the LSB is also heavily dependent on the 
amount of electrolyte and C-rate. Brückner et al. [152] found that the high C-rate with a higher 
amount of electrolyte and lower sulfur content can produce the lowest degradation. On the 
other hand, the low volume of electrolyte typically reduces sulfur utilization significantly [150]. 
Additionally, the cell typically becomes dry due to the minimal amount of electrolytes in 
lithium-sulfur cells [153]. Therefore, it is highly recommended to find an optimized E/S ratio 
for the LSB. However, this critical parameter has been only given little attention. In this review, 
the authors provide some information about the volume of electrolyte concerning sulfur 
loading (E/S) from the literature of separators coating.   
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From the above discussion, it is evident that the E/S ratio has a strong impact on LSBs 
performance. Sometimes, although the total amount of electrolyte is mentioned in the paper 
the sulfur loading is missing and vice versa. The controlled amount of electrolytes may 
successfully minimize the shuttle phenomenon by reducing the PS solubility leading to stable 
electrochemical performance. If the Li+ mobility and the Li transference number can 
successfully be improved with an appropriate E/S ratio, then it is possible to mitigate all the 
challenges of LSBs systems. Therefore, it is highly recommended to critically analyzing the 
effect of E/S ratio in LSBs. 
2.8. Modified anode to achieve high areal capacity and long term 
cycling 
 
Lithium anodes are considered as a ‘Holy Grail’ for secondary batteries due to its high 
theoretical specific capacity of 3860 mAh g-1.  However, issues including low Coulombic 
efficiency (CE); poor cycling stability and short life cycles of LSBs can’t just be blamed on the 
low electrical conductivity of the cathode and the reactivity of sulfur by-products (PS). The 
dendrite formation during the electrochemical reaction and the unstable secondary electrolyte 
interface (SEI) layer formation on the Li anodes, also contributes to the capacity drop in LSBs. 
These Li dendrites can also be responsible for short-circuiting LSBs. Several approaches 
have been adopted to counter the problems associated with the Li metal anodes including 
separator coatings, electrolyte additives, lithiated 3D current collectors, Li alloys and so on 
[154]. However, here we will just focus on some of the examples which have been directly 
used to modified the Li anode surface to inhibit the dendrite problems and/or to protect the Li 
from the reactive PS species.  
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Figure 2.15. (a) Graphite as a sacrificial anode to accommodate SEI layer formation [155]. 
(b) 14 nm Al2O3 coating (14 nm) porous Al2O3 deposition on Li anode to save reduce Li anode 
from reactions with the electrolyte [156]. (c) Co-deposition of aromatic-based organosulfides 
and inorganic Li from poly (sulfur-random-1, 3-di-isopropenyl benzene) additive in electrolyte 
[157].(d) comparison of pristine and PDMS modified Li anode for LSBs [158].   
  
A fascinating Li anode design was proposed by Cheng Huang et. al [155]. In this study, 
they coupled graphite and Li metal via a separator and electrically connected the two to make 
graphite as the sacrificial anode to accommodate the SEI layer formation (Figure 2.15a). At 
the same time, the Li metal could easily provide Li+ during electrochemical reaction without 
actually interacting with reactive PS thereby forming an SEI layer on its surface. The hybrid 
anode provided a capacity of > 800 mAh g-1 for 400 cycles at a rate of 1737 mA.g-1 (S loading 
was missing). Another interesting approach involves the use of porous Al2O3 coating (14 nm) 
deposited on the Li metal surface to inhibit the Li reaction with the electrolyte and sulfur 
species. This coating also provided Li stabilization in the air (Figure 2.15b) [156]. In the 
absence of LiNO3, the thin coating of Al2O3 promoted the LSBs performance with only ~10 % 
specific capacity loss, whereas the Al2O3 free Li anode suffered from severe specific capacity 
fading of more than 50 % of its initial value within 100 cycles. At 0.14 mA.cm-2, the Al2O3 
coated Li anode exhibited 5.99 mAh cm-2 at initial cycles with a retention areal capacity of 
5.18 mAh cm-2 after 100 cycles with a sulfur loading of 5 mg cm-2. This study proves that 
layers as thin as 14 nm can drastically improve the cyclic performance of LSB by protecting 
the Li metal for stable cycling performance.   
Another simple approach involves creating a thin Li3N layer on the Li metal surface by 
reacting Li metal with N2 gas at room temperature. The Li3N surface layer is highly ionically 
conductive and form a less resistive SEI layer and protects the Li metal from reactive lithium 
PS. Therefore it provides an initial areal capacity of 2.55 mAh cm-2 and retention areal 
capacity of 1.76 mAh cm-2  after 500 cycles at 0.5 C using a 2.5 mg cm-2 sulfur loading [12]. 
Li et al. [157] took a novel approach to create a flexible and robust hybrid SEI layer (∼10 μm) 
on Li anode through the co-deposition of aromatic-based organosulfides and inorganic Li 
salts using poly (sulfur-random-1, 3-di-isopropenyl benzene) as an additive in an electrolyte 
(Figure 2.15c). This hybrid layer potentially protected the Li anode from dendrite formation 
leading to a high initial specific capacity of 1076 mAh g-1 with a retention specific capacity of 
179 mAh g-1 after 1000 cycles with 99.1 % Coulombic efficiency at 1 C (S loading was 
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missing). Recently, Qian Li et al. [158] adopted a very simple method to produce a protective 
layer on the Li anode through immersing Li anode in Poly (dimethylsiloxane) (PDMS) 
containing solution and then evaporating the DOL/DME solvent. The protective layer was 
able to stabilize the Li anode along with the suppression of dendritic formation on the Li anode 
even after 100 cycles (Figure 2.15d). The LSBs ensured initial areal capacity of 2.6 mAh cm-
2 (S loading 2.5 mg cm-2) with a retention areal capacity of 1.84 mAh cm-2 after 300 cycles at 
0.2 C. Wu et al. [159] also modified the Li anode through a facile and effective method by 
exposing the Li to tetrahydrofuran (THF) solvent, oxygen atmosphere and trimethylsilyl 
chloride ((CH3)3SiCl) liquid. This produced a film of 84 nm on the Li anode in the presence of 
an electrolyte, but without LiNO3. This cell achieved an initial specific capacity of 1080 mAh 
g-1 (S loading was missing) and retained 756 mAh g-1 at 0.5 C with 98 % coulombic efficiency.  
The SEI layer formation on Li anode promotes LSBs performance, however, the SEI 
layer thickness may reduce the energy density of LSBs with higher impedance. Further, the 
porous SEI layer cannot prevent the Li metal corrosion from reaction with electrolyte species 
and PS. In this scenario, PS dimensions need to be considered while designing the 
passivation layer on Li anode. Various functional groups can be introduced with the layer 
deposited on Li anode to prevent PS from further reacting with the Li anode. Along with Li 
anode modification, it would be beneficial to synergistically modify cathode and separator to 
prevent PS from dissolution at the cathode side; thereby preventing active material loss.  
Further, the formation of the passivation layer and inactive Li dendrites also consume 
electrolyte and eventually leads to battery failure and short circuit.  Hence, a stable anode is 
essential for the long-term cyclability of LSBs. In this regard, a better understanding of the 
composition and structure of the SEI layer further requires advanced characterizations and 
simulation techniques. In -situ (TEM, SEM, atomic force microscopy, FTIR, etc.)  
investigations on Li anode in the presence of different electrolytes and additives can provide 
further fundamental insights on the fading mechanisms of the anode in LSBs. Finally, it would 
be vital to upscale and test these strategies in the pouch cell based LSBs to evaluate the 
advantages such as Li anode modifications provide in the real applications. 
2.9. Practically necessary parameters for LSBs  
In the past, there has been an enormous amount of studies on LSBs. In this review, 
authors have introduced some recent research and their significant contributions to areal 
capacity at high sulfur loading and long term cycling performances. Based on the existing 
progress of LSBs, sometimes it is difficult to compare the studies due to their different 
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operating conditions and cell setup. For example, in the early stage of LSB research, the 
sulfur loading (mg cm-2) was missing in some studies though it is well known that a higher 
sulfur loading is critical to producing a commercial battery and the sulfur loading typically has 
a negative impact on cycling stability. Beyond these parameters such as electrolytes to sulfur 
ratio (E/S), the cathode sulfur content (wt. %) and the C-rate are also significant parameters 
of LSB study [24]. C-rate is one of the most crucial parameters to investigate the stability of 
LSB. When comparing long-term degradation data, it is fair to compare cells that have been 
cycled for a similar number of cycles with a similar C-rate, sulfur loading, sulfur content and 
E/S ratio. However, sometimes any one of the important parameters is found missing from 
the article.  
Sulfur content (wt. %) and loading (mg cm-2)  
The sulfur content (wt. %) and loading are important parameter of LSBs which needs 
to be considered for future research. As two different cathodes with a similar sulfur loading 
(mg cm-2) but different sulfur content (wt. %) may not produce similar initial sulfur utilization 
as shown in Figure 2.8&10.  An increasing number of high-loading studies have reported the 
sulfur loading only, although increased amounts of conductive carbon and functional 
additives are added to the cathode. Usually, a high active material content of ≈ 90 wt. % is 
used in commercial LIBs cathodes. However, in LSBs, the sulfur content in sulfur-based 
nanocomposites is limited to 50-80 wt%. The use of lower sulfur content in a cathode with 
high areal sulfur loading turns out to be another way to overestimate our ability to develop 
high loading sulfur cathodes, as mentioned in the literature [16, 70]. 
Voltage window (Li/Li+) 
  One the other hand, several studies have been carried out at different voltage 
windows for Li+/Li. Different cut off voltage may have an influence on the solid PS formation 
(Li2S and Li2S2) in LSBs. Further, the cutoff window influences the overall energy density of 
the LSBs.  However, no specific technical expansion is described on this topic in almost all 
the researches. 
Celgard separator coating thickness 
As discussed earlier, it is evident that the separator coating significantly contributes to 
increase battery performance, especially for long term cyclability. However, the coating 
thickness should be considered in calculating the volumetric and gravimetric energy density 
of the LSB battery, which sometimes gets neglected in the coating studies.  
Electrolyte/sulfur ratio 
54 
 
Practical LSBs require electrode with high sulfur loading and lean electrolyte designs, 
which require further research efforts on the LSBs design parameters - electrolyte/sulfur 
loading ratio (E/S). It has a direct impact on coloumbic efficiencies, initial discharge capacity 
and fading rate of LSBs as discussed above. Unfortunately, this valuable information is also 
missing from many significant pieces of research. Therefore, it is crucial to consider all these 
parameters to push the LSB research from laboratory benches to the commercial market.    
2.10. Challenges, solution and future prospects  
As summarized in this review, the only alternative to attain better performance in LSBs 
as compared to commercialized LIBs is to achieve high areal capacity with high cyclability in 
LSBs. However, operating LSBs at high sulfur loading is a great challenge. Although the 
dominant discussion in the literature to date has been around the PS shuttle effect, at higher 
sulfur loadings the effective current density is increased. This further encourages PS shuttle, 
but these high current densities are detrimental to most of the other battery components 
including the anode and the current collectors. In addition, these current densities encourage 
large solid-phase precipitation (sulfur and Li2S). This increases the cell overpotential and 
decreases energy efficiency.  
Further, sulfur impregnation higher than 80 wt. % with maximum material activation is 
another pressing issue. To minimize these issues, significant efforts have been carried out 
including cathode, separator, electrolyte and anode modifications with their unique cell 
architectures and desirable attributes. In this review, cathode and separator modifications 
with different architectures such as 3D frameworks, conductive, doped, un-doped, metal 
chalcogenides and composite materials discussed with their benefits and future directions. 
In addition, few progresses of LSBs through anode and electrolyte modifications have been 
introduced. Recently more attention has been placed on these increased sulfur loadings and 
areal capacities. Although many cells have initial capacities above commercially useful levels 
(4 mAh cm-2), with some even higher than 20 mAh cm-2. However, the long-term degradation 
of these cells needs more research.  From the current understanding established in this 
review, future efforts can be generalized as follows: 
(i) 3D frameworks as electrode materials possess exceptional benefits to the ionic 
transport phenomena, large surface area in enhancing sulfur loading/areal 
capacity. However, the large electrolyte loadings will limit energy density.  
(ii) Various electron-rich heteroatoms such as N, O, S and functional groups (-OH, -
COOH, -O-, -NH2) play a crucial role in limiting the PS shuttle effect predominately 
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through polar-polar interactions with PS. Although there are detailed mechanistic 
studies, there is limited work with high sulfur loadings and long-term durability 
testing that provides compelling evidence for these doped structures.  
(iii) Few metal oxides show a wide range of possibilities with some oxides showing 
outstanding performance in both high areal capacity and some promise in long-
term stability. Exploring some more unique microstructures which allow for both 
chemical and physical trapping has given the most promising results. Further 
exploring these mechanisms through in-situ studies combined with DFT will allow 
this area to be expanded. 
(iv) Separator coating is an effective way to stop the diffusion of PS. However, the 
coating thickness, weight, and porosity need to be comprehensively considered in 
future research. However, these studies are typically limited to low sulfur loadings. 
Therefore, the effort is required to improve this.  
(v) In most researches, the E/S ratio parameter is not mentioned. For example, in 
every LSB research, the sulfur loading and coating thickness along with E/S ratio 
should be mentioned to let readers know the definite parameters of the research. 
Unfortunately, most of the current research does not consider this parameter 
carefully. 
(vi) To achieve the highest energy density of LSBs, both S cathode and the Li anode 
need to be optimized. At high sulfur loadings, the stress on the Li anode is 
dramatically increased. Along with exploring increased sulfur loading, the Li anode 
thickness and its compatibility with electrolytes need further consideration. 
(vii) To deeply explore the existing LSBs research, a combination of statistical analysis, 
high-throughput DFT and machine learning may help guide and design new 
materials or new future LSB configurations.  
2.11. Conclusion 
In recent years, the research fraternity has turned up with tremendous progress on 
LSBs research to compete with state-of-art LIBs. The new design of cathode, separator 
coating, electrolyte and anode modification by novel approaches and multifunctional 
materials have shown eye-catching performance leading to achieved areal capacities higher 
than the targeted areal capacity of LSBs (6 mAh cm-2). Few of them, have exhibited high 
areal capacities more than 20 mAh cm-2 with a sulfur content of 70 -80 wt. %. The LSBs have 
achieved 2000 cycles for half-cell and 4000 cycles with pouch cells, however, their sulfur 
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loading is still below the satisfactory requirement ≤ 2 mg cm-2. However, further attention is 
needed to demonstrate cell performance using parameters that particularly reflect practical 
use. We believe that the LSBs still require careful exploration of ways to mitigate challenges 
associated with the current LSBs energy storage systems.   
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Chapter 3: Methodologies 
In this chapter, all the experimental and methodical steps used to achieve the research 
objectives will be described. Besides, a brief background of the electrochemical and physical 
characterization tools will be introduced. 
3.1 Experimental steps with the Work Flow Chart 
In this thesis, the materials are synthesized and implemented to modify the Celgard PP and 
cathode to achieve high-performance LSBs. The synthesized materials are characterized by 
X-Ray Diffraction (XRD), scanning electron microscope (SEM), X-ray photoelectron 
spectroscopy (XPS) and Transmission electron microscopy (TEM) to analyze morphology, 
chemical composition, and crystal structure. The in-situ experiments of the fabricated LSBs 
are carried out using chronoamperometry tests, impedance spectroscopy and cyclic 
voltammetry. After pulling apart the cycled LSBs, post-processing analysis is performed to 
understand the surface modifications, chemical composition and crystal structure changes 
using impedance spectroscopy, XPS, XRD, TEM, and SEM. A complete flow chart of the 
current thesis is shown in Figure 3.1.  
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Figure 3.1. Flow chart of the research work. 
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3.2 Materials and reagents 
Table 3.1 represents a summary of the chemicals and reagents used for the synthesis of 
different materials for LSB applications.  
 
Table 3.1 List of chemicals and reagents used 
Name of the chemicals 
Molecular 
Weight 
(g/mol) 
Company Purity/grade 
Ketjen black 12.01 Sigma-Aldrich 99.95 % 
Nafion 388.5 Sigma-Aldrich 99.95 % 
PVDF 64.03 Sigma-Aldrich 99.95 % 
CNTs 12.01 Sigma-Aldrich 95 % 
NMP 99.13 Sigma-Aldrich 99.95 % 
Sulfur 32.06 Sigma-Aldrich 99.98 % 
DME 90.12 Sigma-Aldrich 99.95 % 
DOL 74.08 Sigma-Aldrich 99.5 % 
2-methylimidazole 82.10 Sigma-Aldrich 99 % 
potassium hydroxide 56.11 Sigma-Aldrich 99.99 % 
DMF 73.09 Sigma-Aldrich 99.8 % 
bis(trifluoromethane 
sulfonyl)imide 287.09 Sigma-Aldrich 99.95 % 
Lithium nitrate 68.95 Sigma-Aldrich 99.99 % 
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3.3 Sample preparations 
3.3.1 Cathode preparation 
The cathode is prepared in two ways. For the LSBs with a modified separator, the 
conventional cathode is fabricated using carbon nanotube CNT-70 (70 wt. % Sulfur with 30 
wt. % CNTs). It is prepared by a melt-diffusion method.70 wt. % pure sulfur, 30 wt. % multi-
wall carbon nanotubes (MWCNTs) are hand-mixed using a mortar and pestle followed by 
putting them in a glass vial and dried in a vacuum oven at 155° C for 12 hours. During this 
time, the sulfur is impregnated inside the porous MWCNT structure. Subsequently, the sulfur 
cathode slurry was prepared by mixing CNT-70, Super P and PVDF binder at a weight ratio 
of 80:10:10. The cathode slurry was deposited on a carbon coated aluminum foil current 
collect by the doctor blade method. The slurry-coated current collector was placed inside a 
vacuum oven at 60º C for 12 h. The dried cathode was cut into 12 mm circular disks and used 
as working sulfur electrodes. 
Secondly, for the LSB using modified cathode, the CNT-70 (70 wt. % Sulfur with the 
30 wt. % of newly synthesized materials and CNTs) is used to prepare the electrode 
according to the process used for the conventional electrode.  
3.3.2 Separator preparation 
For the LSB with the modified cathode, the conventional Celgard PP is used as a 
separator. Otherwise, the Celgard PP is coated using newly synthesized materials and PVDF 
slurry. Further, the slurry coated Celgard membrane was dried at 60º C for 12 h in a vacuum 
oven to form a standard dry coating of KBN and ABN on the surface of Celgard PP separator.  
3.3.3 LSB fabrication 
The LSBs were assembled in an argon-filled glove box. A commercial Celgard PP 
separator, coated Celgard PP separator, electrolytes, cathode, and anode are used to 
construct LSB. Immediately, after construction, the cells were sealed using a hydraulic 
crimping machine (MSK-110 Crimper). A fixed amount of electrolyte is used to assemble the 
LSB, with a similar amount deposited on each side of the separator. The schematic of an 
LSB is conceptually shown in Figure 3.2. 
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Figure 3.2 Conceptual schematic diagram of LSB with its components 
3.4 Electrochemical characterizations 
3.4.1 Electrochemical impedance spectroscopy 
The EIS tests were conducted at 200 kHz to 100 mHz by applying a small AC potential 
(10 mV) between a working and reference electrode using Biologic VSP. From modeling of 
the EIS plot, information can be directly obtained about the ohmic resistance (RΩ), charge 
transfer resistance (Rct) and diffusion/Warburg resistance (Ws) of the LSB (Figure 3.3).  
The ohmic resistance is related to the resistance of electrolyte which depends on the 
ionic concentration, type of ions the geometry of the area between the working and reference 
electrode. With all other parameters kept constant, a lower ohmic resistance indicates faster 
Li+ diffusion. The semicircle of the Rct is related to the charge transfer between the electrolyte 
and the electrode material. Due to the formation of a concentration gradient in the electrolyte, 
the diffusion of Li+ also can produce a diffusion related impedance – often referred to as a 
Warburg impedance (Ws). The diffusion coefficient values of the Li+ (DLi+) for their diffusion 
into the bulk electrode material can be calculated using the following Eq.   
+
2
2 2Li
W
1 RTD = ( )
2 A F σ C
 
Where R is gas constant (8.314 mol-1K-1), T is the temperature (298.5 K). A is the area 
of the electrode surface, F is the Faradays constant (96500 C mol-1) and C is the molar 
concentration of Li+ ions. The DLi+ can be obtained from the slope of ohmic Warburg 
coefficient and angular frequency. 
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Figure 3.3. Diagram of an impedance measurement by EIS system. 
 
3.4.2 Chronoamperometry test  
The Li+ transference number was determined by a chronoamperometry test using the 
Biologic VSP. A constant potential of 10 mV was applied to the cell prepared and the resulting 
current was observed as a function of time for 10 minutes. The Li+ transference number for 
cells constructed with Celgard PP separator and KBN and ABN coated separators were 
confirmed before the operation. In this regard, the Celgard and coated Celgard separators 
were separately sandwiched between two lithium electrodes in the presence of 60 µL of 
electrolyte to construct symmetric LSB cells. Finally, the Li+ transference ( Lit  ) was calculated 
from the ratio of steady-state current to initial state current by the following equation: 
 
+
0
Li
S
It =
I
 
Where, tLi+ is transference number, while Is and Io represented the current at the 
steady-state and initial state, respectively.  
3.4.3 Galvanostatic test 
The LSBs performance was tested using a galvanostatic LAND system. The 
galvanostatic test provides detailed information about the coloumbic efficiency, rate capability, 
cycling performances of LSB. For the galvanostatic testing, the cut-off voltage for discharge 
and charge was 1.7 and 2.8 V respectively.  
3.4.4 Cyclic Voltammetry (CV) 
 The cyclic voltammetry is the most commonly used technique to determine the 
information about internal electrochemical reaction of the battery. By this technique, the 
potential of a stationary electrode is measured using a triangular potential waveform. At a 
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certain applied voltage, tt provides information on the oxidation and redox processes. At 
different scan rate of voltage (mV S-1) the potentiostat measures the current resulting from 
electrochemical reactions producing at the electrode surface. Finally, a current response 
plotted as a function of the applied voltage, where, the location of the reduction and oxidation 
peaks changes as the scan rate is changed. The CV curve displays a two-step redox reaction 
during lithiation/de-lithiation of the sulfur for the lithium sulfur battery.  
3.4.5 Galvanostatic Intermittent Titration Technique (GITT) 
GITT is a powerful technique which provides information about the thermodynamics of the 
active material presented in the positive electrodes. It consists of a series of current pulses 
followed by relaxation time during the charge and discharge moment of the battery. During 
the relaxation time, no current is applied to the cell terminal and the cell potential so called 
open circuit voltage (OCV). The positive  and negative current is applied during charge 
discharge,respectively. The voltage at negative/positive current is so called closed circuit 
voltage (CCV). The cell potential changes between the CCV and OCV is proportional to the 
iR, where i is the internal applied current and R is the internal resistance of the cell.  
3.5 Physical characterizations 
3.5.1 Surface morphology analysis  
A Hitachi SU-3500 Scanning Electron Microscopy (SEM) was used equipped with a 
Thermo Scientific NSS Energy-dispersive X-ray spectroscopy (EDS) detector to investigate 
our samples within 5 to 15 kV. The samples were mounted on a carbon coated SEM holder 
for analysis. The electron beam produces an electron beam by tungsten filament at high 
voltage (0.3 kV to 30 kV). The electron beam produces an interaction volume with the sample 
which is directly proportional to the accelerating voltage and inversely proportional to the 
average atomic number of the sample. This electron beam hits the surface of the sample and 
produces two types of electrons - secondary electrons (SE) and backscattered electrons 
(BSE). The SE is low energy electrons <50 eV and comes from the top tens of nanometres 
of the sample surface. The BSE is higher energy and comes from the interaction volume 
region of the sample (ca. 1 μm for Si at 15 kV). The contrast in BSE images provides 
information on the change in the average atomic number in different regions of the sample.  
A transmission electron microscopy was used to characterize the electrode materials 
at higher magnification. Two instruments were used – a FEI Tecnai F20, operated at 200 kV 
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and a Hitachi HF 5000. Both instruments are equipped with EDS detectors for elemental point 
analysis and mapping.  
3.5.2 BET surface area  
The Brunauer, Emmett, and Teller (BET) technique was used to determine the total 
surface area of the KB and AB coating materials using a Tristar II (Micromeritics Vac prep-
061). The software was built in the BET system to produce total surface area and pore 
diameter.    
Before measuring the specific surface area, the sample was weighed and degassed 
to remove unwanted gases and vapors during manufacturing, handling, and storage. In our 
experiment, the samples were degassed at temperature (105° C, pressure (100 atm) and 
time (12 h) so that the original surface of the solid is reproduced as closely as possible. 
Thereafter, the sample is weighed again and placed in the BET chamber under liquid N2 
atmospheric conditions to carry out the experiment.  
3.5.3 Contact angle and electrolyte uptake 
The contact angles of the separators after the coating process were also measured to 
confirm the electrolyte uptake tendency by the coated separators using optical tensiometer 
(OCA 15 E/B). In this regard, the coated Celgard PP separator was put under the syringe of 
the optical tensiometer. Thereafter, the electrolyte’s contact angles were performed. 
The electrolyte uptake of the coated separators was investigated by sinking the coated 
Celgard PP separator in 300 µL electrolyte for 2 hours by measuring the weight before and 
after.  
3.5.4 XPS analysis  
XPS survey data was acquired using a Kratos Axis ULTRA X-ray Photoelectron 
Spectrometer incorporating a 165 mm hemispherical electron energy analyzer. The incident 
radiation was monochromatic Al Kα X-rays (1486.6 eV) at 150 W (15 kV, 10 ma). Survey 
(wide) scans were taken at an analyzer pass energy of 160 eV and multiplex (narrow) high-
resolution scans at 20 eV. Survey scans were carried out over 1200-0 eV binding energy 
range with 1.0 eV steps and a dwell time of 100 ms. Narrow high-resolution scans were run 
with 0.05 eV steps and at a dwell time of 250 ms. Base pressure in the analysis chamber was 
1.0 x10-9 torr and during sample analysis 1.0 x 10-8 torr. Atomic concentrations were 
calculated using the CasaXPS version 2.3.14 software and a Shirley baseline with Kratos 
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library Relative Sensitivity Factors (RSFs). Peak fitting of the high-resolution data was also 
carried out using the CasaXPS software.  
3.5.5 X-ray Diffraction (XRD) analysis 
The XRD of the samples were analyzed on a Bruker D8 Advance Powder X-Ray 
Diffractometer equipped with a Cu source, operated at 40kV and 40mA, and energy 
discriminating 2D array detector that minimizes fluorescence background. Data were 
collected using a Bragg-Brentano geometry with a 0.12-degree divergence slit from 5 
degrees to 80 degrees two-theta at a resolution of 0.02 degrees and 1.2 seconds per step.  
3.5.6 Four-point probe measurement  
A four-point probe setup was used to measure the conductivity of the coated Celgard 
separators. This setup consists of four collinear tungsten metal probes with uniform spacing. 
The tungsten probes are used to contact the sample to measure resistivity Figure 3.4. Each 
of the tips is supported by springs so that it can retract back to avoid damaging the sample 
surface. A high impedance current source was used to supply current between the outer 
probes and voltage is measured between the two inner probes. In our research, an Agilent 
B1500A (with probe diameter-81 µm and probe spacing 1.6 mm) was used to measure the 
conductivity of the coated Celgard separators before LSB operations. Based on the fact that 
the probe spacing is larger than the sample thickness, the sheet resistance can be 
determined using the following equation: 
 
4.53*S
VR
I
  
 
Figure 3.4. Concept of sheet resistance measurement by four-point probe technique. 
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3.5.7 Computational DFT calculation  
Density functional theory (DFT) calculations of adsorption energies of synthesized 
materials with PS are carried out using the Dmol3 module in the Materials Studio software. 
The Grimme method was used to correct the van der Waals (vdW) force for these structures. 
For structural optimizations, the electronic Self-Consistent Field (SCF) tolerance was set to 
be 1.0×10-6 eVatom-1 and the energy convergence to be 1.0×10-6 eVatom-1. The adsorption 
energies (Ea) were calculated by the following equation: 
Ea = E (Li2Sx) – E (Li2Sx) – E (1≤ x ≤8)                                                                        (3.1) 
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4.1 Abstract 
Lithium-sulfur batteries (LSBs) are promising alternative energy storage devices to the 
commercial lithium-ion batteries. However, the LSBs have several limitations including the 
low electronic conductivity of sulfur (5 × 10-30 S cm-1), associated lithium polysulfides (PSs), 
and their diffusion from the cathode to the anode. In this study, a separator coated with a 
Ketjen black (KB)/Nafion composite was used in an LSB with a sulfur loading up to 7.88 mg 
cm-2 to mitigate the PS diffusion. A minimum specific capacity (Cs) loss of 0.06% was 
obtained at 0.2 C-rate at a high sulfur loading of 4.39 mg cm-2. Furthermore, an initial areal 
capacity up to 6.70 mAh cm-2 was obtained at a sulfur loading of 7.88 mg cm-2. The low Cs 
loss and high areal capacity associated with the high sulfur loading are attributed to the large 
surface area of the KB and sulfonate group (SO3-) of Nafion, respectively, which could 
physically and chemically trap the PSs. 
4.2 Introduction 
The lithium-ion batteries (LIBs) are indispensable parts of electronic and portable 
devices since their commercialization by Sony in 1991 [1]. The current commercial LIBs 
produce a maximum energy density of 240 Wh kg-1 [2], which is not sufficient to satisfy the 
requirements of electric vehicles and portable devices. Therefore, a new battery technology 
with a higher energy density is needed. In this regard, lithium-sulfur batteries (LSBs) have 
been proposed as LIB substitutes. The fundamental elements of LSBs are lithium (Cs = 3860 
mAh g-1) and sulfur (Cs = 1675 mAh g-1), which together deliver a maximum theoretical 
gravimetric energy density of 2600 Wh kg-1 [3]. This energy density is 3–5 times higher than 
those of the state-of-the-art LIBs [3,4]. However, the LSBs are not commercially available 
owing to technical issues. The low electronic conductivity of sulfur and its polysulfide (PS) 
discharge products limit the electrochemical reactions [5]. Furthermore, the intermediate PSs, 
which form during cycling, is highly soluble in the organic electrolytes and migrate between 
the cathode and anode. This is commonly referred to as the shuttle effect [6], which severely 
decreases the active material contents during the discharging and consequently reduces Cs 
of the LSB.  
Over the past several years, extensive studies have been carried out to overcome the 
technical limitations of LSBs through cathode [7–9], anode [10], electrolyte [11,12], and 
separator modifications [13–15]. Regarding the separator modification, a conventional 
separator is coated with another material. The primary function of the coating is to chemically 
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or physically trap the migrating PS phase [16]. The secondary role of the separator coating 
is to ensure an even charge density distribution through the electrodes so that the entire 
electrode volume remains active in the electrochemical processes.  
Various materials have been used as excellent Celgard polypropylene (PP) separator 
coating materials, including black phosphorus [17], Ketjen black (KB) [18], metal organic 
framework [19,20], nitrogen/oxygen dual-doped carbon [21], graphene film [22], multi-wall 
carbon nanotube (CNT)/N-doped carbon quantum dot [23–25], Nafion [26], and graphene 
oxide/Nafion [27]. However, most of the reported results are limited to sulfur loadings below 
2 mg cm-2, which is not sufficient for commercial LSBs [28]. A minimum areal capacity of 6 
mAh cm-2 is needed so that the LSBs can compete with the state-of-the-art LIBs. To achieve 
this value, a minimum sulfur loading of 6 mg cm-2 with a practical specific capacity of 1000 
mAh g-1 is required [29,30]. However, at such high sulfur loadings, the shuttle effect is even 
stronger. Therefore, further studies with high sulfur loadings are needed to analyze the 
prospect of LSBs for commercial applications. 
The coating of the separator with a carbon material could mitigate the PS shuttle effect. 
Carbon is a lightweight material having a relatively high electronic conductivity and various 
porous architectures. However, nonpolar carbon materials exhibit weak intermolecular 
interactions (0.1–0.7 eV) with the PSs [31]. In this regard, the development of composite 
coatings of carbon with functional polymers has attracted large interest to mitigate the shuttle 
effect at high sulfur loadings [32,33]. KB is a highly porous and highly conductive carbon 
material [32], which has been extensively used as an LSB separator coating [18,34–38]. 
Many of the corresponding cells exhibited good performances; however, most of the studies 
were performed at low sulfur loadings. The highly electronically conductive porous framework 
of the KB provides a large surface area and abundant pores to trap the PSs [32]. On the other 
hand, the electronegative SO3- chemically traps the PSs through polar–polar interactions [31]. 
The SO3- group exhibits a strong intermolecular bonding with the PS through electrostatic 
repulsion by SO3Li+ [39]. The chemical trapping ability of Nafion is confirmed through density 
functional theory (DFT) calculations (Figure 4.5a). In this study, we use a polar -SO3--
containing Nafion/KB (KBN) composite as a promising separator coating for LSBs and 
compare it to acetylene black/Nafion (ABN) and pristine Celgard PP separators. To ensure 
practical KBN coating, sulfur loadings up to 7.88 mg cm-2 were investigated. To the best of 
our knowledge, this value is the maximum sulfur loading reported for KBN-containing LSBs. 
In addition, the areal capacities of the LSBs are in the required limit to compete with the 
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commercial LIBs (6 mAh cm-2). The electrochemical performances of the LSB with the KBN-
coated Celgard PP separator are promising for future commercial applications.  
4.3 Experimental  
4.3.1 Preparation of materials 
KBN and ABN coating slurries were produced by mixing 26.7 wt. % of KB and AB, 
respectively, with 72.4 wt. % of a Nafion solution and 0.8 wt. % of a 1.5 wt. % polyvinylidene 
fluoride (PVDF) dispersed in N-methyl-2-pyrrolidone. For the analysis at a high sulfur loading, 
52.5 wt. % of a Nafion solution was mixed with 46.6 wt. % of KB to modify the Celgard PP by 
a similar method. The slurry was prepared at ambient temperature followed by stirring for 30 
min.  
The slurry was coated onto one side of Celgard PP-2500 using the doctor blade 
method (Figure 4.1a). After the deposition, the slurry-coated separators were dried at 60 °C 
for 12 h in a vacuum oven at 0.08 MPa. The dried KBN- and ABN-coated separators were 
punched into discs having diameters of 16 mm for LSB assembly.  
A CNT/sulfur composite (CNT-70) was prepared by a melt-diffusion method. Pure 
sulfur (70 wt. %) and CNTs (30 wt. %) were mixed using a pestle and mortar. The mixture 
was placed inside a glass vial and heated in an oven at 155 °C for 12 h. Subsequently, the 
cathode slurry was prepared by mixing CNT-70, Super P, and PVDF binder in a weight ratio 
of 80:10:10. The cathode slurry was deposited on a carbon-coated Al foil current collector 
using the doctor blade method. The deposited slurry was dried at 60 °C for 12 h in a vacuum 
oven at 0.08 MPa. The dried cathodes were cut into 10-mm circular discs and used as the 
working sulfur electrodes for LSBs. 
The electrolyte solution was prepared using 1,3 dioxolane (DOL) and 1,2 
dimethoxymethane (DME) in a ratio of 1:1, 1 M of lithium bis(trifluoromethane sulfonyl)imide, 
and 0.1 M of LiNO3. The electrolyte was prepared inside a glove-box at O2 and H2O 
concentrations below 0.1 parts per million to avoid air and moisture contaminations. 
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Figure 4.1. (a) Schematic of the preparation of the slurry of Nafion and KB for the coating of 
the Celgard PP separator. (b) Schematic of the mechanism of physical confinement of the 
PS in the porous structure of the KB and polar–polar interaction with -SO3-.  
 
4.3.2 Characterizations of materials 
The morphologies and structures of the KBN and ABN samples before and after full 
discharging were characterized using scanning electron microscopy (SEM; SU-3500) 
equipped with energy-dispersive X-ray spectroscopy (EDS; Oxford X-MAXN) detector. The 
Brunauer–Emmett–Teller (BET) surface areas of the KB and AB were determined using a 
Tristar II instrument (Micromeritics VacPrep 061). The contact angles of electrolyte drops on 
the coated separators were measured using an optical tensiometer (OCA 15 E/B). The 
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electrical conductivities of the KBN- and ABN-coated separators were determined using the 
four-point probe method with an Agilent B1500A semiconductor device analyzer. A thermo-
gravimetric analysis (TGA, Perkin Elmer, Diamond TG) of CNT-70 was performed in a 
nitrogen atmosphere to measure the mass loss at a heating rate of 10 °C min-1 up to 800 °C. 
4.3.3 Electrochemical measurements 
LSBs were assembled inside an Ar-filled glove box. A hydraulic crimping machine 
(MSK-110 Crimper) was used to prepare 2032-type stainless-steel coin cells. The LSB 
performances were evaluated in a galvanostatic mode using a Landt system within a voltage 
window of 1.7–2.8 V (Li/Li+). To monitor the cell stability, each LSB was maintained at the 
open-circuit voltage (OCV) for 20 h before the battery testing. Electrochemical impedance 
spectroscopy (EIS; Biologic VSP) was carried out in the range of 200 kHz to 100 mHz at a 
small alternating-current (AC) potential (10 mV) between the working and reference 
electrodes. For a chronoamperometry testing, a constant potential of 10 mV was applied to 
the symmetric cell. The resulting steady-state current was observed as a function of the time 
for 10 min. tLi+ was determined using the ratio of the steady-state current and initial current 
obtained by the chronoamperometry test [40]. Immediately after the chronoamperometry 
tests, EIS tests were carried out on all symmetric cells to determine the Li+ diffusion 
coefficients (DLi+) [41].   
4.3.4 DFT simulation of the adsorption energies of PS species on Nafion 
DFT calculations of the adsorption energies of PSs on Nafion were carried out using 
the Dmol3 module of the Materials Studio software [42]. The monomer of Nafion was 
constructed to be a representative of Nafion (C9HO5F19S). Nafion and several adsorption 
configurations were optimized with the Perdew–Burke–Ernzerhof generalized-gradient-
approximation electronic exchange-correlation functional [43]. The Grimme method [44] was 
used to correct the van der Waals (vdW) forces in these structures. In the structural 
optimizations, the electronic self-consistent field and energy convergence tolerances were 
set to 1.0 × 10-6 eV/atom. The adsorption energies (Ea) were calculated as 
Ea = E(Nafion–Li2Sx) – E(Li2Sx) – E(Nafion)      (1 ≤ x ≤ 8).                                                (4.1) 
4.4 Results and Discussion 
A conceptual schematic of the binding of the PSs by KBN is presented in Figure 4.1b, 
where the KB physically confines the PSs, while -SO3- chemically interacts. -SO3- from Nafion 
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also facilitates the diffusion of the positively charged Li+ through the KBN coating. In 
comparison, the movement of the negatively charged PSs is obstructed owing to the 
electrostatic repulsion by -SO3Li+ [39] and thus the PSs are physically confined by the porous 
scaffold of the KB (Figure 4.1b). The surface topographies of both KBN- and ABN-coated 
separators were analyzed by SEM. Figure 4.2a-b shows the surface morphologies of the 
KBN- and ABN-coated separators before the battery operation, respectively, obtained by an 
EDS elemental analysis. The KBN and ABN coatings adhered to the Celgard PP separator. 
In the ED spectra, high carbon peaks are observed for both AB and KB layers, with smaller 
fluorine peaks and very small oxygen and sulfur peaks. The sulfur peaks are attributed to the 
SO3- groups in the Nafion, while the fluorine peaks are attributed to the PVDF and –CF2-CF2- 
the backbone of the Nafion. The oxygen, introduced through the Nafion and PVDF, was a 
common element observed on all surfaces. Cross-sectional SEM images of the ABN (~6-µm-
thick) and KBN (~7-µm-thick)-coated separators are presented in Figure 4.S4a-b), 
respectively. Figure 4.S4c shows the four-point probe measurement results for the uncoated 
and KBN- and ABN-coated Celgard PP structures.   
The surface topographies are modified after the battery operation (Figure 4.2c&d). 
Unusual phases are observed on the surfaces of both KBN and ABN coatings. The 
corresponding ED spectra show high sulfur peaks, suggesting that the phases contained 
sulfur (Figure 4.2c&d). The sulfur grains can be easily identified in the BSE images, as sulfur 
is heavier than carbon and thus is brighter in the BSE images. The higher amount of sulfur 
(55.33 wt. % in KBN and 64.70 wt. % in ABN) on the top surface (Figure 4.2c&d) indicates 
the passivation of PSs during the cycling, which is confirmed by the SEM BSE images (Figure 
4.2f&h). The presence of sulfur on the surface confirms the presence of PSs precipitated 
during the discharging, suggesting the interface-mediated adsorption followed by the 
reduction of PSs on the separator surface [45].  
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Figure 4.2. SEM images and elemental analysis by the EDS of the coated separators: (a, c) 
KBN and (b, d) ABN before and after the operation, respectively, at the fully discharged state 
at 0.1 C-rate. (e, g) Morphologies and (f, h) back-scattered electron (BSE) images of ABN 
and KBN after the operation, respectively.   
 
The wettability of ABN and KBN by the electrolyte are crucial for the electrochemical 
performances of the LSBs. A low wettability or nonuniform wetting can lead to an 
inhomogeneous Li+ conduction distribution, which in turn can lead to unstable cycling 
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performance. The wetting characteristics of coated separators depend on their surface areas 
and hydrophilicity. The contact angle is inversely related to the wettability. To understand the 
electrolyte wetting characteristics, the equilibrium contact angles of the electrolyte on the 
ABN- and KBN-coated separators were analyzed. The ABN-coated separator exhibited a 
contact angle of approximately 21.8° (Figure 4.3a), while the electrolyte spread out and was 
almost completely absorbed into the KBN layer suggesting a contact angle of almost zero 
(Figure 4.3b). These results are in agreement with the electrolyte uptake analysis of both 
ABN- and KBN-coated separators (Figure 4.S1), which showed a larger uptake of an 
electrolyte by the KBN-coated separator than that by the ABN-coated separator. The smaller 
contact angle demonstrates that the KBN coating can rapidly absorb the electrolyte [46], 
which can promote Li+ access during LSB operation. 
 
 
Figure 4.3. Contact angles of the DOL/DME (1:1) electrolyte solvent on the (a) ABN- and (b) 
KBN-coated separators. BET surface areas of the (c) KB and (d) AB materials and (e, f) their 
Barrett–Joyner–Halenda pore size distributions, respectively. 
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The surface area also needs to be considered as it determines the physical confinement of 
the PSs into the larger pore volume [47], which can provide better capacity retention and 
Coulombic efficiency at a high sulfur loading. The porous structures of AB and KB were 
investigated through the N adsorption and desorption method using BET measurements 
(Figure 4.3e&f), respectively). The isotherms of KB and AB with hysteresis showed the 
surface areas of 1327 and 60 m2 g-1, respectively. Furthermore, the average pore size of KB 
(8 nm) was smaller than that of AB (10 nm) (Figure 4.3e&f), respectively). Both KB and AB 
were microporous (≤2 nm) and mesoporous (~2–50 nm) materials [48]. The diameters of the 
commercial KB and AB were 35 to 50 and 50 to 100 nm, respectively. 
 
 
Figure 4.4. (a–c) Li+ transference numbers, (d–f) EIS plots, and (g–i) diffusion coefficients of 
the uncoated and KBN- and ABN-coated Celgard separators, respectively. 
 
Besides the electrolyte wettability (Figure 4.3a&b), the Li+ transference across the 
ABN or KBN is another factor affecting the battery performance. The ionic exchanges 
between the electrodes through the electrolyte are not only fundamentally important for better 
electrochemistry but also a prerequisite for optimized LSB performances. In this regard, 
measurements of the Li+ transference numbers and diffusion coefficients can provide 
valuable information about the LSB performances. We determined the diffusion coefficients 
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and transference numbers of the LSBs containing the uncoated and KBN- and ABN-coated 
Celgard PP separators. To obtain the Li+ number (tLi+), the commonly used 
chronoamperometry test was carried out. The obtained current–time (i–t) curves (Figure 
4.4a–c) were used to determine the tLi+ values of the batteries with the uncoated and KBN- 
and ABN-coated Celgard PP separators as the ratios of the steady currents (IS) to the initial 
currents (I0). Subsequently, EIS measurements (Figure 4d–f) were carried out to calculate 
the lithium-ion diffusion coefficients (DLi+) (Figure 4g–i).  
 
Table 4.1. Various electrochemical parameters of the uncoated and KBN- and ABN-coated 
Celgard separators obtained by the chronoamperometry and EIS tests of symmetric cells 
(Figure 4.4). 
Parameter Celgard PP KBN/Celgard 
PP 
ABN/Celgard 
PP 
tLi+ 0.89 0.66 0.50 
R0     (Ω) 2.6 6.5 5.79 
Rct    (Ω) 509 208 235 
Rdiff (Ω] 265 60 118 
DLi+ (cm2 s-1) 5.35 × 10-5  1.92 × 10-5 0.75 × 10-5 
 
The tLi+ and DLi+ values of the LSBs with the Celgard, KBN, and ABN separators are 
presented in Table 1. tLi+ was the highest for the uncoated separator (0.89), higher than that 
for the KBN-coated separator (0.66), while the lowest value was observed for the ABN-coated 
separator (0.5). Celgard PP is a highly porous membrane, which does not interrupt the 
passage of ions and liquid electrolyte, and thus the ionic conductivity and Li+ transference 
number of the uncoated Celgard membrane were higher than those of the KBN- and ABN-
coated structures. The high tLi+ of Celgard PP is desirable as it indicates the diffusion ability 
of Li+ with respect to the other ions in the system. tLi+ of KBN (0.66) is consistent with that 
(0.62) of the MoS2/Celgard-PP-coated separator reported by Ghazi et al. [40]. The DLi+ values 
of the uncoated and KBN- and ABN-coated separators (Table 1) exhibit the same trend as 
that of tLi+. DLi+ of the uncoated separator is the highest (5.35 × 10-5 cm2 s-1), higher than that 
of the KBN-coated separator (1.92 × 10-5 cm2 s-1), while the lowest value was observed for 
the ABN-coated separator (0.75 × 10-5 cm2 s-1).  
The Nafion polymer exhibits strong chemical interactions with the PSs. By in-situ 
experiments, Zhang et al. [26] demonstrated that the SO3- groups of Nafion permitted the 
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passage of positively charged Li+, but rejected the PSs. Bauer et al. also carried out a PS 
adsorption test using Nafion-treated Celgard PP separators [49] to confirm the PS adsorption 
ability and demonstrated that Nafion is a promising material for the inhibition of the PS 
diffusion. However, no DFT calculations of the interaction of -SO3- with the PS have been 
reported.    
In this study, to reveal the binding of the PS species with Nafion through polar–polar 
interactions, a systematic theoretical analysis was carried out on the chemical absorptions of 
PSs (Li2Sx (x = 1, 2, 3 4, 5, 6, 7 8)) by Nafion using DFT calculations (Figure 4.5a). The 
energies of adsorption (eV) of the PS species on Nafion and their molecular structures are 
shown in Figure 4.5. The most favorable binding sites of the PSs were the Li atoms, which 
tended to strongly interact with -SO3- of the Nafion polymer. The adsorption energies of the 
PS species with respect to -SO3- were increased for the lower-order PSs. For example, Li2S 
had absorption energy of 2.92 eV, whereas that of Li2S8 was 0.96 eV (Figure 4.5a). The 
higher adsorption energy of the PS with respect to -SO3- indicates the stronger chemical 
anchoring during the cycling. The interactions of Li and Sn- anions from the PS species with 
-SO3- can be regarded as chemical and physical vdW interactions, respectively [50]. 
According to the study by Cui [51], the S8 molecule almost does not chemically interact and 
thus the adsorption is dominated by the physical vdW interaction with low adsorption energy. 
The adsorption of long-chain PSs mainly depends on the vdW interactions, while the 
anchoring of short-chain PSs depends on the chemical bonding. With the lithiation of the PSs, 
the weak physical adsorption gradually changes to a strong chemical bonding. In this study, 
the energies of adsorption of the PSs on Nafion exhibit a gradually decreasing tendency with 
the increase in the number of S atoms, which is similar to those of the two-dimensional 
moderate-anchoring materials (MS2, M = Ti, Zr, V, Nb, Mo) [51].  
Further, an XPS analysis of the KBN-coated separator after the cycling operation was 
performed to discern the surface chemical species. The survey spectrum of the KBN coating 
after the operation is shown in Figure 4.5b. F 1s, O 1s, S 2p, S 2s, Li 1s, and C 1s peaks are 
observed. The Li 1s and S 2p peaks indicate the PSs encapsulated on the surface of KBN 
through physical and polar–polar interactions. As shown in the S 2p high-resolution spectrum 
(Figure 4.5c), the binding energies of the peaks of Li2SO3, S 2p3/2 of SO3, S 2p1/2 of SO3, S 
2p3/2 of SO4, and S 2p1/2 of SO4 are ~167.2, 168.55, 169.7, 170.46, and 171.65 eV, 
respectively [52]. The XPS results suggest that the porous structure of KBN not only acts as 
an ion sieve to confine the PSs but also accommodates the PS intermediates through polar–
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polar interactions. The presence of PS species on the surface of the KBN-coated separator 
shown in Figure 4.2(c, d, f&h) is further confirmed by the S and Li peaks in the XP spectra. 
 
Figure 4.5. (a) Schematics of the PS species having different lengths, which interact with -
SO3- of Nafion. The corresponding adsorption energies (eV) are shown in the column graph 
(bottom–right corner). (b) XP spectrum of the KBN-coated separator after the operation. (c) 
High-resolution S 2p XP spectrum of KBN after the operation. 
  
The galvanostatic cycling behaviors of the LSBs with the uncoated (black color), KBN-
coated (blue color), and ABN-coated (green color) Celgard PP separators were primarily 
assessed at 0.5 C, as shown in Figure 4.6a. The mass loadings were similar (3 to 3.37 mg 
cm-2), while the amounts of electrolyte injected in these coin cells were equal (60 µL) to 
compare their cycling performances. The cycling performances of KBN were further 
evaluated at 0.1 and 0.2 C-rates and different sulfur loadings, as shown in Figure 4.6b&c, 
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respectively. The LSB is ultimately aimed to reach the theoretical energy density (2600 Wh 
kg-1). In the literature, no extensive energy density calculations are reported owing to the lack 
of valuable parameters such as the coating thickness, sulfur loading, and electrolyte/sulfur 
ratio [30,53,54]. In this study, the energy densities of all LSBs were calculated (Figure 4.6a–
c) at 0.5, 0.1, and 0.2 C. In addition, Figure 4.6d–f shows their loss percentages after 150 
cycles, respectively. Moreover, the corresponding self-discharge behaviors of the LSBs at 
0.5, 0.1, and 0.2 C (Figure 4.6g–i) were measured by monitoring the OCV for 20 h before 
the cycling operation.  
The LSB with the Celgard PP separator having a high sulfur loading (3.37 mg cm-2) 
exhibited an initial Cs of 414 mAh g-1 (444 Wh kg-1) and high Cs loss of 0.27% after 150 cycles 
at 0.5 C-rate (Figure 4.6a, black). The high Cs loss (0.27%) is attributed to the loss of active 
materials owing to the diffusion of PSs through the porous structure of the Celgard PP 
membrane having a thickness of a few hundred nanometers. On the contrary, the introduction 
of the KBN-coated separator (0.47 mg cm-2) increased the initial capacity to 769 mAh g-1 (716 
Wh kg-1) and led to a loss of 0.20% after 150 cycles at 0.5 C-rate and sulfur loading of 3.30 
mg cm-2 (Figure 4.6b, blue). The higher initial capacity and low degradation can be attributed 
to the electronic conductivity of the KB and chemical interactions of the PSs with the SO3- 
group of Nafion (Figure 4.5a). However, the Coulombic efficiency over the initial few cycles 
was electrochemically unstable, indicating that not all reserved capacity was converted to 
produce discharge energy during these cycles. A low Coulombic efficiency typically occurs 
owing to the loss of electrons by side reactions. A secondary factor could be the losses due 
to the polarization, which occurs when the load current argdisch ei  passes through the electrodes, 
accompanying the electrochemical reactions. These losses include activation polarization, 
which drives the electrochemical reaction at the electrode surface, and concentration 
polarization, which originates from the concentration differences of the reactants and 
products at the electrode surface and in the electrolyte owing to the mass transfer [55].  
The cycling performance of the ABN-containing LSB (0.35 mg cm-2) having a sulfur 
loading of 3.01 mg cm-2 at 0.5 C is shown in Figure 4.6a, green. The initial discharge capacity 
is 197 mAh g-1. After 15 cycles of activation, the maximum Cs of 687 mAh g-1 is reached (615 
Wh kg-1). The higher Cs of the ABN LSB than that of the uncoated LSB is attributed to the 
high electronic conductivity (Figure 4.S4c) and stable cycling performance owing to the high 
chemical affinity between -SO3- and PSs. However, the Coulombic efficiency was below 80% 
and unstable after 60 cycles (Figure 4.6a). The initial capacity and Coulombic efficiency were 
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remarkably unstable, compared with those of the KBN-containing LSB (Figure 4.6a, blue). 
The initial activation period could be attributed to the low electrolyte uptake tendency and low 
DLi+ of the ABN-coated Celgard PP separator (Table 1), which may not provide sufficient 
pathways for Li+ conduction to the active materials. Yang et al. proposed that the precipitation 
of PSs at the small surface area of the AB increases the internal charge transfer resistance, 
which impedes the Li+ diffusion as the Li+ diffusivity in Li2S is as low as 10-15 cm2 s-1 [5]. The 
low Li+ diffusivity could inhibit the electrochemical reactions, leading to unstable Coulombic 
efficiency.  
The charge/discharge profiles of the LSBs with the uncoated, KBN-coated, and ABN-
coated Celgard PP separators at 0.5 C after 30 cycles are shown in Figure 4.6j; the charge 
(Vcharge) and discharge (Vdischarge) voltages are indicated by red circles. The Celgard PP cell 
exhibits the lowest performances including the highest Vcharge and lowest Vdischarge. The Vcharge 
and Vdischarge values of the ABN and KBN cells are similar, though the ABN cell has the best 
performances with the lowest charge and highest discharge voltages. Vcharge and Vdischarge of 
KBN can be expressed by [55, 56]  
       Charge ocv ct c ct c charge chargea a c c              V V i R                                                   (4.2) 
       discharge ocv ct c ct c discharge dischargea a c c              V V i R                                           (4.3)                 
where ocvV  is the OCV, which reflects the difference between the anode and cathode 
chemical potentials,    ct cta c,   are the charge-transfer over-potentials at the anode and 
cathode,    c ca c,  are the concentration over-potentials at the anode and cathode, chargei  
and dischargei  are the electronic currents during charging and discharging, which depend on the 
active materials in the LSBs, and chargeR  and dischargeR  are the internal cell resistances during 
charging and discharging, respectively. The above equations show that both Vcharge and 
Vdischarge depend on the OCV and over-potentials of the LSB.   
The low performances of the Celgard PP cell with the high Vcharge and low Vdischarge 
could be attributed to the higher OCV of the Celgard PP separator (Figure 4.6g, black) and 
charge transfer and concentration over-potentials during the cycling. After 30 cycles, the 
larger polarizations of KBN and ABN could be attributed to the insulating structure of the solid 
Li2S deposited on the electrochemically active surfaces and consequent increments in 
resistances in the LSBs [57], which leads to sluggish dissolved species in the liquid electrolyte 
in the electrochemical reactions. 
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Figure 4.6. (a) Cycling performances (at 0.5 C) of the Celgard PP separator (black, S loading: 
3.37 mg cm-2), KBN-coated separator (blue, coating loading: 0.47 mg cm-2, S loading: 3.30 
mg cm-2), and ABN-coated separator (green, coating loading: 0.35 mg cm-2, S loading: 3.01 
mg cm-2). Cycling performances of the KBN-coated separator at (b) 0.1 C (red, coating 
loading: 0.46 mg cm-2, S loading: 3.35 mg cm-2; blue, coating loading: 0.39 mg cm-2, S loading: 
3.81 mg cm-2) and (c) 0.2 C (red, coating loading: 0.56 mg cm-2, S loading: 3.34 mg cm-2; 
blue, coating loading: 0.43 mg cm-2, S loading: 4.39 mg cm-2). (d–f) Energy densities and 
losses after 150 cycles and (g–i) OCVs before the cycling for the LSBs shown in Figure 4.6(a–
c), respectively. (j) Charge discharge profiles of the LSBs at the 30th cycle. (k) EIS plots for 
the LSB with the KBN coating before and after the operation. (l) Comparison of the 
degradations of our LSBs with those of reported structures at 0.2 C (Table 4.S1).  
These results demonstrate the higher performance of the KBN-coated separator than 
those of the ABN-coated and uncoated Celgard PP separators (Figure 4.6a). Further, the 
effect of the KBN coating loading on the LSB performance was evaluated at 0.1 C-rate 
(Figure 4.6b). The KBN coating loadings of 0.46 (Figure 4.6b, red) and 0.39 (Figure 4.6b, 
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navy) mg cm-2 provided high Cs values of 1030 (906 Wh kg-1) and 899.4 (870 Wh kg-1) mAh 
g-1, with losses of 14 and 16% after 150 cycles at sulfur loadings of 3.35 and 3.81 mg cm-2, 
respectively. The initial Cs at a coating loading of 0.46 mg cm-2 is 252 mAh g-1 higher than 
that of the Nafion-coated Celgard PP separator operated at a sulfur loading of 0.53 mg cm-2, 
reported by Huang et al. [26]. At a high coating loading (1.31 mg cm-2), the LSB with a sulfur 
loading of 4.12 mg cm-2 exhibited an initial capacity of 956 mAh g-1 (469 Wh kg-1) (Figure 
4.S2). However, the cycling stability of this LSB was very low, in agreement with the 
Coulombic efficiency. The unstable cycling performance is consistent with the results 
reported by Bauer et al. [49] on the effect of the high Nafion coating loading on the LSB.   
Based on the above results, the optimized KBN coating loading of 0.50 ± 0.10 mg cm-
2 was used to investigate the effect of the sulfur loading at 0.2 C-rate, as shown in Figure 
4.6c. It shows the cycling performances of the LSBs with the largely restrained PS shuttle 
effect at different sulfur loadings and similar coating loadings of KBN; the corresponding initial 
energy densities are shown in Figure 4.6f. The sulfur loading of 3.54 mg cm-2 provided an 
initial Cs of 962.4 mAh g-1 (849 Wh kg-1) with a Cs loss of 0.08% after 150 cycles at a coating 
loading of 0.56 mg cm-2 at 0.2 C (Figure 4.6c, red). At a similar current rate, the LSB with a 
sulfur loading of 4.39 mg cm-2 exhibited an initial Cs of 670.7 mAh g-1 (694 Wh kg-1) and a 
loss of 0.06% after 150 cycles at a coating loading of 0.56 mg cm-2 (Figure 4.6f, navy). The 
ultralow Cs loss is one of the lowest values among those of reported LSBs at 0.2 C-rate, 
shown in Table S1.  
The ultralow Cs loss is attributed to the large surface area of the KB, which traps PSs, 
and -SO3- groups, which chemically anchor the PSs during the electrochemical reactions 
through polar–polar interactions with high adsorption energies (Figure 4.5a). The binding 
energies are even higher than those of hydroxylated carbon nanotubes (CNT-OH), amino 
and poly (acrylic acid) with the PS, respectively [58–60]. Consequently, the shuttle effect is 
effectively mitigated, leading to low Cs loss and stable cycling performance. However, the 
continuous decay of Cs in the presence of KBN can be attributed to the combined effect of 
the volume expansion and irreversible deposition of Li2S or Li2S2 during the cycling, observed 
on the surface of the KB-coated Celgard PP separator after the dismantling of the LSB 
(Figure 4.2c&g). According to the EI spectra (Figure 4.6k), the higher charge transfer and 
Ohmic resistances of KBN than those before the operation also indicate the PS confinement 
in the porous scaffold of the KBN coating. The XPS survey analysis of the KBN coating after 
the operation (Figure 4.5b) also confirmed the presence of lithium and sulfur, which implies 
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that the PS phases were effectively confined during cycling. The low Cs losses of the LSBs 
with KBN are in agreement with the stable OCV during the rest time before the operation 
(Figure 4.6g–i). In addition, KBN exhibits a good electrolyte uptake tendency (Figure 4.S1) 
along with the contact angle of almost zero (Figure 4.3b), which creates pathways for the 
free diffusion of Li+ to the active materials. These results demonstrate the beneficial effect of 
the separator coating on the LSB.     
Areal capacity is another important parameter, which directly depends on the sulfur 
loading [30]. The analysis at a high sulfur loading was carried out considering this parameter 
to achieve the satisfactory limit of the LSB to compete with the state-of-the-art LIB (4 mAh 
cm-2). Considering the average voltages of LSBs (2.2 V) and LIBs (3.5 V), we anticipate that 
the LSB's areal capacity should be approximately 6 mAh cm-2 to compete with the state-of-
the-art LIB [29]. However, in our experiment, it was difficult to achieve a stable cycling 
performance in the presence of a high Nafion concentration owing to its highly insulating 
structure. Therefore, to simulate the results at a high sulfur loading, a 52.5 wt. % Nafion 
solution was mixed with 46.6 wt. % of KB. At high sulfur loadings of 5.12 and 7.88 mg cm-2, 
the LSBs exhibited initial areal capacities of 6.06 and 6.70 mAh cm-2 (Figure 4.7a&b), 
respectively. These areal capacities at different sulfur loadings are considerably higher than 
those of a commercial LIB (4.0 mAh cm−2) and recently reported structures (Table 4.S2).  
 
Figure 4.7. Cycling performances of the LSBs at high sulfur loadings at 0.2 C.  
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4.5 Conclusion 
In this study, a simple process was introduced for the coatings of the Celgard PP 
separator with ABN and KBN. The performances of the LSBs with the ABN- and KBN-coated 
separators were measured and compared. The KBN-coated separator exhibited an excellent 
initial capacity and low Cs loss compared to those of the uncoated and ABN-coated Celgard 
PP separators. The high initial capacity could be attributed to the higher electronic 
conductivity of the KB, while the low Cs loss could be attributed to the high affinity of the SO3- 
groups of Nafion to the PS diffusion. A low loss of 0.06% was achieved at a coating loading 
of 0.43 mg cm-2 and sulfur loading of 4.39 mg cm-2 with a stable Coulombic efficiency after 
150 cycles. The maximum areal capacities of 6.06 and 6.70 mAh cm-2 were obtained at sulfur 
loadings of 5.12 and 7.88 mg cm-2, respectively, which are even higher than the required 
areal capacity of the LSB for commercial applications. The low Cs loss indicated that the KBN-
coated separator could hinder the diffusion of PSs from the cathode to the anode. However, 
the higher KBN coating loading led to the unstable Coulombic efficiency owing to the 
insulating structure of Nafion. The key characteristics of KBN can be summarized as follows.  
(i) The KBN coating could stop the PS diffusion through physical and polar–polar 
interactions. 
(ii) KBN exhibited a contact angle of almost zero and high electrolyte uptake tendency, 
which could promote the smooth transport of Li+. 
(iii) KB exhibited a larger surface area, which could act as a reservoir for PSs and 
electrolyte to easily wet the electrode. 
(iv) The low coating loading of KBN (0.43 mg cm-2) led to the low Cs loss and high areal 
capacity at the high sulfur loading. 
(v)  
Acknowledgment 
Masud Rana is thankful to the Australian Government and the University of Queensland for 
the research training program scholarship and research facilities used in this study. The 
authors also acknowledge the facilities and scientific and technical assistance of the 
Australian Microscopy and Microanalysis Research Facility at the Center for Microscopy and 
Microanalysis and the Australian National Fabrication Facility (ANFF-Q) at the University of 
Queensland. 
List of References 
98 
 
1. Nishi Y, Journal of Power Sources. 100(1-2) (2001) 101-106. 
2. M.Hagen M, D.Hanselmann, K. Ahlbrecht, R.Maça , D.Gerber, J.Tübke. Advanced 
Energy Materials. 5(16) (2015) 1401986. 
3. P.G. Bruce, S.A.Freunberger, L.J.Hardwick, J.M.Tarascon. Nature materials. 11(1) 
(2012) 19. 
4. A.Manthiram, SH.Chung, C. Zu . Advanced materials. 27(12) (2015) 1980-2006. 
5. Y. Yang, G.Zheng, S.Misra, J.Nelson, M.F.Toney, Y.Cui. Journal of the American 
Chemical Society. 134(37) (2012) 15387-94. 
6. Y.V. Mikhaylik, J.R. Akridge. Journal of The Electrochemical Society. 151(11) (2004) 
A1969-76. 
7. A. Rosenman, E. Markevich, G. Salitra, D. Aurbach, A. Garsuch, F.F. Chesneau. 
Advanced Energy Materials. 5(16) (2015) 1500212.8. 
8. K. Shi, C. Lai, X. Liu, Y. Wei, W. Lv, J.Wang, J. Li, C.Yan, B. Li, Q.H. Yang, F. Kang. 
Energy Storage Materials. 17 (2019)111-7. 
9. C. Zha, D. Wu, T. Zhang, J. Wu, H. Chen. Energy Storage Materials. 17(2019) 118-
25. 
10. G. Ma, Z. Wen, M.Wu, C. Shen, Q. Wang, J. Jin, X. Wu. Chemical Communications. 
50(91) (2014) 14209-12. 
11. M.R. Kaiser, S. Chou, H.K. Liu, S.X. Dou, C. Wang, J. Wang. Advanced Materials. 
29(48) (2017) 1700449. 
12. P. Zhu, C. Yan, J. Zhu, J. Zang, Y. Li, H. Jia, X. Dong, Z. Du, C. Zhang, N. Wu, M. 
Dirican. Energy Storage Materials. 17 (2019) 220-5. 
13. S.H. Chung, A. Manthiram. The journal of physical chemistry letters. 5(11) (2014) 
1978-83. 
14. J. Xie, H.J. Peng, J.Q. Huang, W.T. Xu, X. Chen, Q. Zhang. Angewandte Chemie 
International Edition. 56(51) (2017) 16223-7. 
15. P.Y. Zhai, H.J. Peng, X.B. Cheng, L. Zhu, J.Q. Huang, W. Zhu, Q. Zhang. Energy 
Storage Materials. 7 (2017) 56-63. 
16. Y.C. Jeong, J.H. Kim, S. Nam, C.R. Park, S.J. Yang. Advanced Functional Materials. 
28(38) (2018) 1707411. 
17. J. Sun, Y. Sun, M. Pasta, G. Zhou, Y. Li, W. Liu, F. Xiong, Y. Cui. Advanced materials. 
28(44) (2016) 9797-803. 
99 
 
18. D. Zhao, X. Qian, L.Jin, X. Yang, S. Wang, X. Shen, S. Yao, D. Rao, Y. Zhou, X. Xi. 
RSC Advances. 6(17) (2016) 13680-5. 
19. S. Bai, X. Liu, K. Zhu, S. Wu, H. Zhou. Nature Energy. 1(7) (2016) 16094. 
20. S.H. Chung, A. Manthiram. Advanced Materials. 13 (2019) 1901125. 
21. K. Mi, S. Chen, B. Xi, S. Kai, Y. Jiang, J. Feng, Y. Qian, S. Xiong. Advanced Functional 
Materials. 27(1) ( 2017) 1604265. 
22. Z. Du, C. Guo, L. Wang, A. Hu, S. Jin, T. Zhang, H. Jin, Z. Qi, S. Xin, X. Kong, Y.G. 
Guo. ACS applied materials & interfaces. 9(50) (2017) 43696-703. 
23. Y. Pang, J. Wei, Y. Wang, Y. Xia. Advanced Energy Materials. 8(10) (2018) 1702288. 
24. L. Du, Q. Wu, J. Yang, X. Wang, R. Che, Z. Lyu, W. Chen, X. Wang, Z. Hu. Nano 
Energy. 57 (2019) 34-40. 
25. S. Dörfler, P. Strubel, T. Jaumann, E. Troschke, F. Hippauf, C. Kensy, A. Schoekel, H. 
Althues, L. Giebeler, S. Oswald, S. Kaskel. Nano Energy. 54 (2018) 116-28. 
26. J.Q. Huang JQ, Q. Zhang Q, H.J. Peng, X.Y. Liu, W.Z. Qian, F. Wei. Energy & 
environmental science. 7(1) (2014) 347-53. 
27. T.Z. Zhuang, J.Q. Huang, H.J. Peng, L.Y. He, X.B. Cheng, C.M. Chen, Q. Zhang. 
Small. 12(3) (2016) 381-9. 
28. H.J. Peng, J.Q. Huang, X.B. Cheng, Q. Zhang. Advanced Energy Materials. 7(24) 
(2017) 1700260. 
29. R. Fang, S. Zhao, Z. Sun, D.W. Wang, H.M. Cheng, F. Li. Advanced Materials. 29(48) 
(2017) 1606823. 
30. M. Rana, S.A. Ahad, M. Li, B. Luo, L. Wang , I. Gentle , R. Knibbe. Energy Storage 
Materials. 18 (2019) 289-310. 
31. Q. Pang, X. Liang, C.Y. Kwok, L.F. Nazar. Nature Energy. 1(9) (2016) 16132. 
32. M.Rana, M. Li, X. Huang, B. Luo, I. Gentle, R. Knibbe. Journal of Materials Chemistry 
A. 7(12) (2019) 6596-615. 
33. M. Rana, B. Luo, M.R. Kaiser, I. Gentle, R. Knibbe. Journal of Energy Chemistry. 27 
(2019). 
34. H. Tang, S. Yao, X. Shen, X. Xi, K. Xiao. Energy Technology. 5(4) (2017) 623-8. 
35. C.H. Chang, S.H. Chung, A. Manthiram. Small. 12(2) (2016) 174-9. 
36. M. Li, C. Wang, L. Miao, J. Xiang, T. Wang, K. Yuan, J. Chen, Y. Huang. Journal of 
Materials Chemistry A. 6(14) (2018) 5862-9. 
100 
 
37. X. Cheng, W. Wang, A. Wang, K. Yuan, Z. Jin, Y. Yang, X. Zhao. RSC Advances. 
6(92) (2016) 89972-8. 
38. X. Yu, J. Joseph, A. Manthiram. Journal of Materials Chemistry A. 3(30) (2015) 15683-
91. 
39. Z. Jin, K. Xie, X. Hong. RSC Advances. 3(23) (2013) 8889-98. 
40. Z.A. Ghazi, X. He, A.M. Khattak, N.A.  Khan, B. Liang, A. Iqbal, J. Wang, H. Sin, L. Li, 
Z. Tang. Advanced materials. 29(21) (2017) 1606817. 
41. Y. Cui, X. Zhao, R. Guo. Electrochimica Acta. 55(3) (2010)  922-6. 
42. E.R. McNellis, J. Meyer, K. Reuter. Physical Review B. 80(20) (2009) 205414. 
43. J.P. Perdew, K. Burke, M. Ernzerhof. Physical Review Letters. 80(4) (1998) 891. 
44. S. Grimme. 27(15) (2006) 1787-99. 
45. V. Singh, A.K. Padhan, S.D. Adhikary, A. Tiwari,D.  Mandal,T.C.  Nagaiah. Journal of 
Materials Chemistry A.7(7) (2019) 3018-23. 
46. G. Nam G, J. Park, S.T. Kim, D.B. Shin, N. Park, Y. Kim,J.S.  Lee, J. Cho. Nano letters. 
14(4) (2014) 1870-6. 
47. D.A. Dornbusch, R. Hilton, M.J. Gordon, G.J. Suppes. Journal of Industrial and 
Engineering Chemistry. 19(6) (2013) 1968-72. 
48. D.W. Wang, G. Zhou, F. Li, K.H. Wu, G.Q. Lu, H.M. Cheng, Physical Chemistry 
Chemical Physics. 14(24) (2012) 8703-10. 
49. I. Bauer, S. Thieme, J. Brückner, H. Althues, S. Kaskel. Journal of Power Sources. 
251 (2014) 417-22. 
50. L.C. Yin, J. Liang, G.M. Zhou, F. Li, R. Saito, H.M. Cheng. Nano Energy. 25 (2016) 
203-10. 
51. Q. Zhang Q, Y. Wang, Z.W. Seh, Z. Fu, R. Zhang, Y. Cui. Nano letters. 15(6) (2015) 
3780-6. 
52. L. Madec, L. Ma, K.J. Nelson, R. Petibon, J.P. Sun, I.G. Hill, J.R. Dahn. Journal of The 
Electrochemical Society. 163(6) (2016) A1001-9. 
53. T. Cleaver, P. Kovacik, M. Marinescu, T. Zhang, G. Offer. Journal of The 
Electrochemical Society. 165(1) (2018) A6029-33. 
54. S.H. Chung, A. Manthiram. Joule. 2(4) (2018) 710-24. 
55. D. Linden, T.B. Reddy (1995)1200. 
56. J.B. Goodenough. (2017) ACS Publications. 
101 
 
57. A.F. Hofmann, D.N. Fronczek, W.G. Bessler. Journal of Power Sources. 259 (2014) 
300-10. 
58. X. Fu X, L. Scudiero, W.H. Zhong. Journal of Materials Chemistry A. 7(4) (2019) 1835-
48. 
59. W. Chen, T. Qian, J. Xiong, N. Xu, X. Liu, J. Liu, J. Zhou, X. Shen, T. Yang,Y.  Chen, 
C. Yan. Advanced materials. 29(12) (2017) 1605160. 
60. R. Ponraj, A.G. Kannan, J.H. Ahn, J.H. Lee, J. Kang, B. Han, D.W. Kim. ACS applied 
materials & interfaces. 9(44) (2017) 38445-54. 
 
 
 
 
 
4.6 Supporting Information 
Transference number of lithium ions and diffusion coefficient  
The Celgard and coated Celgard separators were separately sandwiched between two 
lithium electrodes in the presence of 60 µL of electrolyte to construct each LSBs. Finally, the 
Li+ transference ( Lit  ) was calculated from the ratio of steady state current to initial state 
current by the following equation [1]: 
 
+
0
Li
S
It = 
I
                                                      
Where, tLi+ is transference number, while Is and Io represented the current at the steady state 
and initial state, respectively. 
The diffusion coefficient values of the Li+ (DLi+) for their diffusion into the bulk electrode 
material was calculated using the diffusion part of EIS results (Figure 4d-f). The following 
equation was used to determine the diffusion coefficient (DLi+) [2]. 
+
2
2 2Li
W
1 RTD = ( )
2 A F σ C
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Where R is gas constant (8.314 mol-1K-1), T is the temperature (298.5 K). A is the area of the 
electrode surface, F is the Faradays constant (96500 C mol-1) and C is the molar 
concentration of Li+ ions. The W can be obtained from the slope of ohmic Warburg co-
efficient and angular frequency.  
 
 
Figure 4.S1. Electrolyte uptake of KBN and ABN coated separators. 
 
 
Figure 4.S2. Cycling performance of LSB with KBN coating at 0.1 C. 
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Figure 4.S3. (a) and (b) EDS results of KBN and ABN coated separators before operations. 
(c) and (d) EDS results of KBN and ABN coated separators after operations. 
Energy density: 
The gravimetric energy density for conventional cathode with 70 % sulfur loading was 
calculated by the following equation [3]: 
 
. .Energy density =
A  + M  + S
cell s
s s s
E QM
 
 
Ecell (V) is the average reversible potential (2.2 V vs. Li/Li+), Q is the practical specific capacity 
of sulfur and As, Ms and Ss represents weight of anode, active materials and separator 
coating.  
 
Figure 4.S4. (a) & (b) Cross section SEM images of ABN and KBN coated separators. (c) 
Electrical conductivity of ABN and KBN coated separators in comparison with the pristine 
Celgard PP separator. 
Calculation of sulfur content (wt. %) in electrode:  
CNT-70 preparation: 70 wt. % Sulfur + 30 wt. % CNTs  
100 wt. % slurry to prepare electrode: 80 wt. % of CNT-70 + 10 wt. % super P + 10 wt. % 
PVDF  
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Sulfur content in the electrode: 80 wt. % of CNT-70 = 80 wt. % × 70 wt. % Sulfur = 56 wt. % 
Sulfur 
Sulfur loading: (total wt. % of the electrode – wt. % of current collector) × wt. % of Sulfur 
 
Figure 4.S5. TGA curves of the CNT-70 (S/CNT) composite. 
Table 4.S1. Comparison of degradation of existing separator coating researches with our 
research. 
Separator 
coating 
materials 
wt. % of 
Sulfur  
 
Sulfur 
loading 
(mg cm-2 
Maximum (mAh g-1)/nth 
(mAh g-1)/ nth cycles at 
0.2 C-rate 
Decay 
rate% 
 
Ref. 
SP 70 3.37 997/557/150 0.29 [4] 
MWCNT/PEG  78 3.9 1192/865/150 0.18 [5] 
rGO-PVDF 70 1.1 1107/681/150 0.25 [6] 
PAN/GO 65 1 985/546/100 0.42 [1] 
g-PLiSS  60 2 1080/704/40 0.87 [7] 
RuO2-MPC 70 2 517/433/100 0.16 [8] 
meso-C 70 1.7 1400/1087/150 0.14 [9] 
Al2O3 60 1.6 967/593/50 0.42 [10] 
CNT/Al2O3  42 1 1222/642/100 0.31 [11] 
Al2O3  75 0.75 1083/702/100 0.35 [12] 
SiO2 80 1.4 938/632/150 0.21 [13] 
Carbon 60 1.3 1398/1120/50 0.39 [14] 
TNC 53 3 368/244/150 0.22 [15] 
Meso-C 52.6 3.5 868/661/50 0.62 [16] 
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Meso-C  50.7 3.5 1198/850/50 0.58 [16] 
Meso-C 48.2 3.5   1399/1080/50 0.45 [16] 
N-PCNW 70 1.7 1438/995/150 0.20 [17] 
Nickel foam 60 1 777/603/80 0.27 [18] 
B-rGO 56 4 934/579/150 0.25 [19] 
N-rGO 56 4 812/680/100 0.16 [19] 
SRGO 40 4.42 1275/987/30 0.75 [20] 
rGO/MoS2 70 3.64 1133/670/100 0.40 [21] 
Nafion 50 0.53 846/553/100 0.34 [22] 
Nafion/SP 70 1.5 963/652/100 0.32 [23] 
DEPOT-PSS 56 3 1041/868/100 0.16 [24] 
FWNTs/rGO 60 1.5 974/870/100 0.10 [25] 
Graphene 70 4 1007/810/100 0.19 [26] 
Fe3C-N doped 
GO 
60 1 767/718/100 0.06 [27] 
Fe3C-MC 76.5 9 980/625/200 0.18 [28] 
KB/Nafion 70 3.54 962/835/150 0.08 
This 
research 
KB/Nafion 70 4.39 670/566/150 0.06 
This 
research 
 
Table 4.S2. Comparison of areal capacities of existing separator coating researches with 
our research 
Materials Areal capacity Ref 
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5.1 Abstract 
Li-S batteries (LSBs) require a minimum 6 mAh cm-2 areal capacity to compete with 
the state-of-the-art lithium-ion batteries (LIBs). However, this areal capacity is difficult to 
achieve due to a major technical issue – the shuttle effect. Non-polar carbon materials show 
to limit the shuttle effect through physical confinement. However, the polar polysulfides (PS) 
only provide weak intermolecular interactions (0.1-0.7 eV) with these non-polar carbon 
materials. The physically encapsulated PS inside the non-polar carbon scaffold eventually 
diffuses out and starts shuttling. Chemically interactive hosts are more effective at interacting 
with the PSs due to high binding energies. Herein, a multifunctional separator coating of 
nitrogen-doped multilayer graphene (NGN) and -SO3- containing Nafion (N-NGN) is used to 
mitigate PS shuttling and to produce a high areal capacity LSB. The Nafion is used as a 
binder instead of PVDF to provide an additional advantage of -SO3- to chemically bind the 
PS. The motive of this research is to investigate the effect of highly electronegative N and -
SO3- (N-NGN) in comparison with the –OH, -COOH and -SO3- groups from hydroxyl graphene 
and Nafion composite (N-OHGN) to mitigate PS shuttle in LSBs. The highly conductive doped 
graphene architecture (N-NGN) provides efficient pathways for both electrons and ions which 
accelerates the electrochemical conversion at high sulfur loading. Moreover, the electron-rich 
pyridine N and -SO3- show strong chemical affinity with the PS through polar-polar 
interactions, which is proved by the superior electrochemical performance and density 
functional theory calculations. Further, the N-NGN (5h) produces a maximum areal capacity 
of 12.0 and 11.0 mAh cm-2, respectively at 15 and 12 mg cm-2 sulfur loading. This areal 
capacity limit is significantly higher than the required areal capacity of LSBs for commercial 
application, which shows the significant strength of N-NGN as an excellent separator coating 
for LSBs. 
5.2 Introduction 
The successful application of rechargeable batteries for portable electronics and 
electric vehicles depends on several factors including their power density, energy density, 
areal capacity, environmental friendliness and manufacturing costs. Lithium-ion batteries 
(LIBs) are the most common commercial rechargeable battery used for portable electronic 
and electric vehicles [1, 2]. Over the years, there has been an increased demand for portable 
energy storage with a high energy density. The requirement of this energy density is 
anticipated to be beyond the gravimetric (240 Wh kg-1) and volumetric (670 Wh L-1) energy 
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density of LIBs [3]. Among the different alternatives, lithium-sulfur batteries (LSBs) are a 
promising option with a high theoretical gravimetric (2600 Wh kg-1) and volumetric (2800 Wh 
L-1) energy densities, which is approximately 3-5 times that of commercialized LIBs cathodes, 
such as LiMn2O4, LiCoO2, and LiFePO4 [4-6]. Moreover, the LSBs are environmentally 
friendly and cost-effective (≈$150 per ton) as compared to transition-metal oxide cathodes of 
LIBs, such as LiCoO2 (≈$10,000 per ton) [2, 7]. However, LSBs are not commercially 
available yet due to one major technical drawback known as the shuttle effect [8]. This effect 
can be simply defined as the dissolution of higher-order polysulfide (PS) intermediates in the 
liquid electrolyte, which can then freely diffuse from the cathode to the anode and vice versa 
during battery cycling [9, 10]. This results in insignificant irreversible capacity loss; inferior 
cycling stability; low sulfur utilization; lithium metal corrosion and severe self-discharge [9, 
11]. Furthermore, sulfur (≈ 5×10-30 S cm-1) and its end discharge product Li2S (≈10-14 S cm-1) 
are electronically and ionically insulating. This limits Li+ and electron access to sulfur - leading 
to poor sulfur utilization. All of these drawbacks impede LSBs market penetration [12].    
Most recent research for LSBs has focused on the impregnation of sulfur into the 
internal spaces in porous carbon, hollow carbon spheres, carbon nanotubes and graphene 
[13-26]. These carbon materials mitigate the shuttle effect through physical confinement of 
PSs in their high surface area. However, due to weak intermolecular interactions of PS (0.1-
0.7 eV) with these non-polar carbon hosts [27], the PS eventually migrates out of the porous 
carbon and starts shuttling. This limits the cycling stability of the LSB. In addition, the pore 
sizes in the porous structures may not be appropriate to effectively prevent PS diffusion [28]. 
More specifically, mesopores (2-50 nm) and macropores ≥ 50 nm are much larger than the 
soluble PS species (max ~2 nm). This PS diffusion out of the cathode is expected to be more 
severe at high sulfur loadings [29, 30]. Nevertheless, advanced LSB electrode fabrication 
focuses on a high sulfur loading to meet the practical energy density and areal capacity of 
LSB [3, 31]. Therefore, there is a lot of interest in controlling PS shuttling through chemical 
interactions rather than only relying on physical confinement in porous host materials. 
Chemically interactive functional groups have a strong binding affinity with the PS [29, 30, 
32]. Different functional heteroatoms (N, S, O, B, F) [33] or functional groups such as 
sulfonate (SO3-), hydroxyl (-OH), nitrile (-C≡N), carboxyl (-COOH), imine (-N=) or amine (-
NH2) can provide promising solutions to chemically attract PSs to produce LSBs with a high 
sulfur loading [27, 32, 34]. Introducing these functional polar groups in a highly conductive 
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carbon matrix could be an effective solution to capture PS through both chemical and physical 
trapping.  
 
 
Figure 5.1. (a) A conceptual diagram to produce functionalized NGN (pyrrolic, pyridinic, 
graphitic) N and -SO3- through NH3 treatment of OHGN and Nafion mixing. (b) N-NGN coated 
Celgard PP separator and their mechanism to chemically bind the PS through multifunctional 
effects.    
 
Graphene is a promising and versatile material owing to its excellent electronic 
conductivity and mechanical strength. Recently, hydroxyl graphene has been explored as a 
promising LSB material [35]. Our research is the first to report multi-architectural graphene 
with chemically interactive functional groups (-O, -OH, -COOH) through the H2O2 treatment. 
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To improve the electronic conductivity and facilitate the chemical affinity, this material was 
further treated at high temperatures under an NH3 environment to produce electronegative N 
groups (pyridinic, pyrollic and graphitic) in the graphene structure (NGN). It has been 
proposed by other groups that this highly electronegative N (3.07) facilitates  Li+ transport 
during LSB cycling and hinders PS diffusion [36].  
For the Celgard PP coating, the OHGN/Nafion (N-OHGN) and NGN/Nafion (N-NGN) 
composite were used without any additional PVDF binder (Figure 5.1a). The NGN graphene 
provides an interconnected conductive framework to facilitate fast electron transport and 
facilitate electrochemical reactions – encourage sulfur utilization and reducing polarization 
losses. It is proposed that the shuttling is significantly reduced through a combination of polar-
polar trapping of the PS (Figure 5.1b). The reduced polarization losses can also be attributed 
to the catalytic effect of both the N and -SO3-, which enhances the electrochemical kinetics 
[37]. The pyridinic, pyrollic and graphitic N in the NGN [38] and the -SO3- from the Nafion 
traps the PS through polar-polar interactions. In addition, the NGN d-spacing (0.32 nm) is 
significantly less than the maximum PS dimension (~ 2 nm) [28] but higher than the Li+ (~ 
0.14 nm) [39]. Hence, the NGN could also physically block PS diffusion while maintaining 
continuous Li+ transportation. To confirm the underlying mechanism of the functional groups 
(N, SO3-, -OH, -COOH) with PS, density functional theory (DFT) calculations were carried out 
to calculate the adsorption energies.  
The N-NGN contained LSBs delivered a maximum areal capacity of 12.0 and 11.0 
mAh cm-2, respectively at 12 and 15 mg cm-2 sulfur loading. These areal capacities are even 
higher than the anticipated areal capacity for LSBs to be commercially available. These 
results confirm the effectiveness of the composite structural design of the N-NGN for high-
performance LSBs. 
5.3 Experimental  
5.3.1 Materials preparation 
Graphene oxide was synthesized from graphite by the modified Hummers method. To 
enhance the hydroxyl groups and oxide content, the graphene oxide powders were further 
treated in the presence of H2O2 liquid 35% and water. This was mixed using a mechanical 
stirrer for 8 hours. The viscous grey slurry was heated to 60°C for 8 h. The purification and 
neutralization process was conducted using an excess of demineralized water multiple times 
until a PH of 7 was achieved. The products were filtered and washed with an excess amount 
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of double-distilled water, followed by acetone washing and dried at 100°C for 24 h. The 
obtained sample, hydroxyl graphene (OHGN), was further dried in the oven at 110°C for 24 
h. The H2O2 was used due to its low cost and effectiveness as a reagent. In addition, the 
hydroxyl (.OH) and oxygen (.O) radicals generated from the water oxidation open up the 
graphene edges and facilitate ion intercalation to form graphene multilayers [40, 41]. In the 
next synthesis procedure, the OHGN was treated at 850°C under the NH3 atmosphere to 
decompose the oxygen and hydroxyl functional groups to form the C-N bond and establish 
N doping in the graphene lattice. To achieve this, the OHGN was heated to 850°C at a heating 
rate of 5°C min-1 and was held at 850°C for 3 h and 5h in NH3 to produce NGN (3h) and NGN 
(5h). The sample was then cooled down to ambient temperature at a cooling rate of 5 °C min-
1.  
For the separator coating, Nafion is used as a binder and chemically interactive nature 
with the PS. Two coating slurries were produced – OHGN/Nafion (N-OHGN) and NGN/Nafion 
(N-NGN) slurry. The slurry was prepared in two steps. Firstly, the 30 wt. % OHGN and NGN 
(3h), respectively were mixed with 70 wt. % concentrated Nafion solution and mixed via 
stirring for 30 minutes at 500 rpm and 80°C to produce 70 wt. % N-OHGN and 70 wt. % N-
NGN (3h). Secondly, 44 wt. % of NGN (3h) and NGN (5h), respectively, were mixed with 56 
wt. % concentrated Nafion solution followed by the same process to produce 56 wt. % N-
NGN (3h) and 56 wt. % N-NGN (5h). The heat treatment (80 °C) was used for both of these 
processes and to encourage a homogenous slurry formation [42]. The slurry was coated onto 
one side of the Celgard PP-2500. After deposition, the slurry coated Celgard PP separators 
were dried at 60º C for 12 h in a vacuum oven at 0.08 MPa. Finally, the dried OHGN and N-
NGN coated separators were punched into 16 mm diameter discs to use for LSBs.   
The conventional sulfur electrodes were prepared using a conventional slurry coating 
doctor blade process. To prepare the cathode, the conventional CNTs/Sulfur composite with 
70 wt. % sulfur so-called CNT-70 was prepared through the infiltration process at 155 ° C.  
The 80 wt. % of CNT-70 with the 10 wt. % of conductive Super P and 10 wt. % of PVDF were 
mixed for electrodes preparation followed by slurry coating doctor blade process on the 
carbon coated aluminum foil. The sulfur cathode was cut into a circular pellet with a diameter 
of 10 mm.  For the high sulfur loading research, a drop-casting process was used [43].  
The electrolyte solution was prepared using a 1, 3 dioxolane (DOL) and 1, 2 
dimethoxymethane (DME) at the volumetric ratio of 1:1, 1 M lithium bis (trifluoromethane 
sulfonyl) imide (LiTFSI) and 0.1M LiNO3. The electrolyte was prepared inside a glovebox, 
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supplied with Ar, with O2 and H2O levels below 0.1 ppm to avoid air and moisture 
contamination. 
4.3.2 Characterizations tools 
Field emission Transmission electron microscopy (FE-TEM F20) was used to 
investigate the NGN and OHGN materials. The morphology and composition of the N-OHGN 
and N-NGN samples before and after battery operation were characterized using a scanning 
electron microscope (SEM) (SU-3500) is equipped with an Oxford X-MAXN energy-
dispersive X-ray spectroscopy (EDS) detector. Fourier transform infrared (FTIR) spectra were 
recorded using a NICOLET 6700 from 500 to 4500 cm-1 under 4 cm-1 resolution. XPS survey 
data was acquired using a Kratos Axis ULTRA X-ray Photoelectron Spectrometer 
incorporating a 165 mm hemispherical electron energy analyzer. The incident radiation was 
monochromatic Al Kα X-rays (1486.6 eV) at 150 W (15 kV, 10 mA). Survey (wide) scans were 
taken at an analyzer pass energy of 160 eV and multiplex (narrow) high-resolution scans at 
20 eV. Survey scans were carried out over 1200-0 eV binding energy range with 1.0 eV steps 
and a dwell time of 100 ms. Narrow high-resolution scans were run with 0.05 eV steps and 
at a dwell time of 250 ms. Base pressure in the analysis chamber was 1.0 x10-9 torr and 
during sample analysis 1.0 x 10-8 torr. Atomic concentrations were calculated using the 
CasaXPS version 2.3.14 software and a Shirley baseline with Kratos library Relative 
Sensitivity Factors (RSFs). Peak fitting of the high-resolution data was also carried out using 
the CasaXPS software. The Brunauer, Emmett, and Teller (BET) surface area of the NGN 
and OHGN was determined using a Tristar II (Micromeritics Vac prep-061). Thermal 
gravimetric analysis (Perkin Elmer, Diamond TG) (TGA) for CNT-70 was performed in a 
nitrogen atmosphere to measure wt. % mass loss at a heating rate of 10°C min-1 till 800 °C. 
The XRD (X-Ray Diffraction) of N doped graphene (NGN) and hydroxyl graphene 
(OHGN) samples were analyzed on a Bruker D8 Advance Powder X-Ray Diffractometer 
equipped with a Cu source, operated at 40kV and 40mA, and energy discriminating 2D array 
detector that minimizes a fluorescent background. Data were collected using a Bragg-
Brentano geometry with a 0.12 degree divergence slit from 5 degrees to 80 degrees two-
theta at a resolution of 0.02 degrees and 1.2 seconds per step. The four-point probe with 
probe diameter-81 µm and probe spacing 1.6 mm (Agilent B1500A) was used to measure 
the electrical conductivity of coated Celgard PP by the composition of OGHN, NGN (3H) and 
NGN (5h), respectively with 70 wt. % of Nafion solution.  
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4.3.3 DFT for adsorption energies of PS species 
The immobilization ability of the different functionalized graphene materials was 
evaluated through density functional theory (DFT) calculations. The pristine 2D graphene 
was constructed with the dimension of ~13 × 13 Å, containing 60 carbon atoms and being 
saturated with hydrogen atoms. According to the experiment, different dopants was created 
on the graphene and fully optimized. DFT calculations for structural optimizations and PS 
adsorption energies were carried using the Dmol3 module in the Materials Studio software 
[44]. The Grimme method [45] was used to correct for the van der Waals (vdW) force in these 
structures. For structural optimization, the electronic self-convergence field (SCF) tolerance 
was set to be 1.0×10-6 eV/atom and the energy convergence to be 1.0×10-6 eV/atom. The 
adsorption energies (Ea) are calculated by following equations: 
Ea=E(Graphene-Li2Sx)–E(Li2Sx)–E(Graphene)(1≤x≤8)                                          (5.1)  
4.3.4 Battery assembly 
The LSBs were assembled inside an Ar-filled glove box. An electrolyte/sulfur ratio of 
8 µL/mg was used to assemble the LSBs. Consequently, after constructing, the LSBs were 
sealed using a hydraulic crimping machine (MSK-110 Crimper) inside the glovebox under 0.1 
ppm H2O and O2 pressure. 
4.3.5 Electrochemical measurements 
The LSBs battery performance was tested in a galvanostatic mode using a LAND 
system within a voltage window of 1.7-2.8 V (Li/Li+) at 0.1, 0.2 and 0.5 C rates. Before and 
after battery testing, the cell impedance was measured using a Biologic VSP. The 
electrochemical impedance spectroscopy (EIS) tests were conducted at 200 kHz to 100 mHz 
by applying a small AC potential (10 mV) between the working and reference electrodes.  
5.4 Results and Discussion 
5.4.1 Materials characterizations 
The schematic of the NGN synthesis process is illustrated in Figure 5.1a. To restrain 
the PS shuttling in LSBs, a protective layer with high conductivity and chemically interactive 
nature are necessary. In order to achieve this, hydroxyl-doped graphene (OHGN) was 
synthesized by H2O2 treatment to form a multilayer graphene structure with oxygen and 
hydroxyl dopants. Subsequently, the OHGN was thermally treated to introduce the 
electronegative N in the NGN (3h) and NGN (5h). This N doping enhances the electronic 
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conductivity and improves PS chemical affinity. The NGN (3h) and NGN (5h) were 
composited with the Nafion to produce N-NGN (3h) and N-NGN (5h). The Nafion contains 
SO3- functional groups which provide chemical pinning for the PS.  
The concept of the physical and chemical confinement of PS is further presented in 
Figure 5.1a&b, where -SO3- and N dopants interact with the PS through chemical interactions 
and the multilayered NGN physically blocks the PS diffusion through its interlayer space. The 
surface morphologies of the N-NGN (3h) and the N-OHGN coated separators were 
investigated by the microscopy analysis. The SEM and TEM images of OHGN and NGN (3h) 
powders are also shown in Figure 5.S1. Figure 5.2a&c shows the surface morphologies of 
the N-NGN and N-OHGN coated separators, respectively, before cycling. The composite 
layer is uniformly dispersed on the surface of the Celgard PP separator. Their corresponding 
cross-section SEM images are shown in Figure 2b&d, which shows an intimate contact 
between the coatings and the Celgard PP separator without any additional PVDF. Post-
mortem analysis of the N-NGN and N-OHGN coated separators were carried out after LSB 
discharge (Figure 5.S2). After the operation, the N-NGN and N-OHGN coating surfaces have 
changed. Unusual phases are also identified on the N-NGN and N-OHGN surface - as 
marked by the red circle. EDS mapping indicates that this is a solid sulfur compound, strongly 
indicating could be the presence of solid Li2S phases well adhered to the graphene 
architecture. During the electrochemical reaction, the PS phases escape from the carbon 
matrix of the electrode due to the weak intermolecular interactions between the non-polar 
carbon and the PS phases. [46]. These PS phases can bind onto the surface of the N-NGN 
coating through polar-polar interactions and physical trapping, thereby suppressing the PS 
shuttling. In regard to this, the theoretical adsorption energy of PS with the N-NGN is 
confirmed by the DFT calculation (Figure 6a-e). 
To further understand the multilayered architectures, TEM analysis was used to 
characterize the NGN and OHGN materials. Figure 2e&g are TEM micrographs of OHGN 
and NGN (3h), respectively. From HRTEM images, both the OHGN and NGN (3h) show 
multilayer architectures (Figure 2f&h). The NGN shows a larger number of graphene layers 
with a slightly smaller interlayer spacing in comparison to the OHGN (Table 5.1). The NH3 
annealing leads to the decomposition of the hydroxyl and oxygen groups in the OHGN and 
increases the number of stacking layers, which agrees with other reported results [47]. This 
N doping also increases the electronic conductivity which also can improve electrochemical 
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reaction kinetics. The uniform distribution of N, C, and O in the graphene structure is 
confirmed by the STEM-EDS mapping of NGN (3h) (Figure 2i-l).  
The surface area of the graphenes was obtained using Brunauer–Emmett–Teller 
(BET). The OHGN shows a BET of 17 m2 g-1 with both a microporous and mesoporous 
structure with pore sizes ranging from 0.7 nm to 10 nm. The NGN materials still maintain the 
microporous/mesoporous structure, with a pore size distribution ranging from 0.07 nm to 10 
nm. However, the surface area is slightly decreased to 13 m2 g-1 (Figure 5.S3). The 
micropores (≤ 2 nm) are suitable to enable strong physical adsorption of PS (~ 2 nm) and the 
mesopores ensure sufficient ionic pathways for Li+ diffusion. 
 
Figure 5.2. (a, b) Surface topography and cross-section of N-OHGN coated Celgard PP 
before the operation, respectively. (c, d) Surface topography and cross-section of N-NGN 
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before the operation, respectively. (e, f) low and high magnified TEM images of OHGN. (g, h) 
low and high magnified TEM images of NGN. (I-l) STEM elemental mapping of NGN. 
 
To further explore the crystallinity of the NGN materials, XRD was used to characterize 
the bulk structure of the OHGN and NGN (3h) (Figure 5.3a). For OHGN, a weak peak at 
26.83 (d-spacing = 0.33 nm) indicated that graphene oxide was reduced through the 
hydroxylation process. After the NH3 treatment at 850 °C, the XRD peak shifted to 27.03 (d-
spacing = 0.32 nm). The peak also narrowed and became stronger. The decrease in d-
spacing suggests deoxygenation from OHGN to form the NGN. The incorporation of a smaller 
radius N into the graphitic sp2 structure reduces the lattice constant and also results in tensile 
stresses between the NGN layers [48, 49]. The decrease in the full-width half maximum 
(FWHM) of the peak, suggests that the crystallinity of the NGN is enhanced during high-
temperature treatment [50].To further explore the thickness of the materials the crystallite 
parameters Lc of the OHGN and NGN (3h) and NGN (5h) ware calculated from the XRD peak 
position and their FWHM using the Scherrer equation:[51] 
𝐿஼ =
௞ఒ
ఉ ௖௢௦ ఏ
                                                                                                                         (5.2)                                                                                                                    
Where K is the crystallite constant (0.89), λ is the FWHM and Ө is the angle between 
the incident and the scattered ray. The thicknesses of the OHGN, NGN (3h) and NGN (5h) 
are calculated as 18.5 nm, 26.5 nm, and 38.5 nm, respectively. This corresponds well with 
the TEM results shown in Figure 2f&h, where it is observed that the NGN has more layers 
than the OHGN [47]. The film thickness also plays an important role in the mechanical 
robustness and electronic conductivity of the graphene.[52, 53] The number of stacking 
layers (n) is further calculated from the thickness (Lc) as follows: 
𝑛 = ௅಴
ௗି௦௣௔௖௜௡௚
                                                                                                                     (5.3)                                                                
The number of layers obtained for the OHGN, NGN (3h) and NGN (5h) is 56, 82 and 
120, respectively. The details of some properties of OHGN, NGN (3h) and NGN (5h) is shown 
in Table 5.1.   
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Table 5.1. Materials properties of OHGN, NGN (3h) and NGN (5h). 
samples 
d- spacing 
(nm) 
Lc 
Stacking 
layers (n) 
Conductivity 
(S cm-1) 
OHGN 0.33 18.5 56 0.17 
NGN (3h) 0.32 26.5 82 3.12 
NGN (3h) 0.32 38.5 120 4.33 
 
 
Figure 5.3. (a) XRD of OHGN, NGN (3h) and NGN (5h) materials. (b) XPS survey analysis 
of OHGN, NGN (3h), NGN (5h) and N-NGN (3h) after operations. (c) High-resolution scan of 
N from NGN (3h). (d) High-resolution scan of Li peak from N-NGN (3h) after cycling operation. 
(e-f) high-resolution scans of carbon and oxygen from OHGN, respectively. 
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Non-metal heteroatoms (N, S O, B, and F) are known to enhance the electrochemical kinetics 
and mitigate the PS shuttle in LSBs through chemical interactions [8, 33, 54]. These 
heteroatoms also can easily be incorporated into the graphene structure to tune the electrical 
and chemical properties of the graphene materials for electrochemical storage applications. 
For example, NGN graphene exhibits three common bonding configurations in the carbon 
lattice of graphene - graphitic N, pyridinic N and pyrrolic N [38]. These N dopants are highly 
attractive to PS due to their high electronegativity (3.07) [36]. To reveal the intrinsic chemical 
interactions the graphene structures were analyzed using the XPS survey and high-resolution 
scans (Figure 5.3b-d). Figure 5.3d is the XPS survey scan for OHGN, NGN (3h), NGN (5h) 
and N-NGN (3h) after the operation. As anticipated the C peak is present in all XPS scans 
(Figure 5.3b). Also, S and Li peaks are found in the N-NGN (3h) sample after the operation. 
The O peak is also present in all samples. The O peak increases for the NGN (3h) sample 
after the operation. The N peak is found in NGN (3h), NGN (5h) and NGN (3h) after the 
operation. This confirms that N-doping is introduced to the OHGN sample during NH3 
treatment at high temperature. During the longer treatment time of 5h, the intensity of the N 
peaks increases. The three configurations of the N in the NGN (3h) sample (Figure 5.3c) 
were deconvoluted into three different binding energies at 399.1, 400.0, and 401.8 eV, 
corresponding to pyridinic N, pyrrolic N, and graphitic N, respectively [55, 56]. The integration 
of electronegative nitrogen into the graphene structure increases the graphene electrical 
conductivity and the PS binding ability through chemical interactions. However, all these 
potential activities rely on the concentration of nitrogen containing functional groups in the 
graphene structure. From the N high-resolution scans, the concentration of pyridinic N is 
higher in comparison to the pyrrolic and graphitic N. Pyridinic N provides the strongest PS 
binding - which is also proven through DFT calculations (Figure 5.6a) [38]. The pyridinic N 
has an extra pair of electrons. This electron-rich donor with filled p-orbitals naturally interacts 
with the Li in the PS [33]. It also coordinates Li cations and helps immobilize PS to enhance 
the electrochemical kinetics. The pyrrolic N and graphitic N also can chemically interact with 
PS. However, both of these dopants form three σ bonds and one π bond in the graphene 
lattice. As such, they have no lone pair electrons to create interactions with the Li. This 
interaction is the so called intermolecular Keesom interactions [57].  
The high-resolution XPS spectrum of Li1s in the N-NGN (3h) operated sample is also 
deconvoluted (Figure 5.3d). The dominant Li1s peak at 55.5 eV is attributed to the Li2S. The 
slight asymmetry to this peak is attributed to a small Li-N peak at 56.5 eV, which suggests 
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that the Li is bonding to the N in the NGN [58]. It has been previously reported, that these Li 
bonds formed during electrochemical reactions promote electrochemical kinetics [36]. The C 
1s and O 1s high-resolution XPS scan of the OHGN are shown in Figure 5.3e-f, respectively. 
The main peak at 286.6 eV in Figure 5.3e corresponds to the O-C-O bonding. This refers to 
O atoms incorporating into the graphene ring after H2O2 treatment. The π–π* (291.1 eV) is 
attributed to the satellite peak of C in aromatic compounds due to π–π interaction. The 
presence of different oxygen containing functional groups such as –COOH (288.9 eV), C-OH 
(287.5 eV) and C-COO (285.5 eV) is anticipated to be from the carboxyl and hydroxyl 
functional groups. The presence of –COOH is also was confirmed by FTIR analysis (Figure 
5.S11). These functional groups have can trap PSs through polar-polar interactions [8, 32].  
5.4.2 Electrochemical performance 
The electrochemical cycling performances of N-NGN and N-OHGN contained LSBs 
are shown in Figure 5.4a-c followed by their charge/discharge profiles (Figure 5.4d-f) and 
areal capacities at initial and 100th cycles (Figure 5.4g-i). In order to rationally evaluate the 
performance of all LSBs, a lean electrolyte loading of 8 µL/mg was used. To understand the 
electrochemical performances of the 70 wt. %  N-NGN (3h) and 70 wt. %  N-OHGN coated 
separators, the galvanostatic cycling profiles were observed at a current density of 0.1 C (1 
C = 1675 mAh g-1) shown in Figure 5.4a. The sulfur and coating loadings of these LSBs are: 
(6.0 mg cm-2, 0.4 mg cm-2 for 70 wt. %  N-NGN (3h), black), (5.4 mg cm-2, 0.3 mg cm-2 for 70 
wt. %  N-NGN (3h) red) and (4.5 mg cm-2, 0.4 mg cm-2 for 70 wt. %  N-OHGN, blue). The 70 
wt. % N-OHGN delivered a low initial specific capacity of 628 mAh g-1 and retained to 296 
after 200 cycles with 26 % capacity loss (Figure 5.4a, blue). The initial capacity is pretty low, 
however, it shows stable cycling performance until 200 cycles. This is attributed to the 
abundant hydroxyl groups on the N-OHGN which serve as PS adsorption sites. As the 
residual hydroxyl groups attract PS during cycling through polar-polar interactions, 
contributing to capacity retention and morphology conservation [35]. The chemical interactive 
nature of the hydroxyl groups with the PS is also supported by the DFT calculations shown 
in Figure 5.6.  
The 70 wt. %  N-NGN (3h) (Figure 5.4a, red) with a low coating loading exhibited an 
initial specific capacity of 836 mAh g-1 and retained to 358 mAh g-1 after 200 cycles with a 
capacity loss of 28 %. Even though the capacity loss is higher, the initial and final 
performance is also higher as compared to 70 wt. % N-OHGN (Figure 5.4a, blue). The 70 
wt. %  N-NGN (3h) with a higher coating loading and higher sulfur loading exhibited an initial 
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specific capacity of 683 mAh g-1 and retained to 449 mAh g-1, showing a capacity loss of 17 % 
(Figure 5.4a, black). As such, increasing the N-NGN coating loading from 0.3 mg cm-2 to 0.4 
mg cm-2 improves the cycling stability despite the slight increase in the sulfur loadings 
between these two samples (sulfur loading increased from 5.4 to 6.0 mg cm-2). The N-NGN 
coated separators are capable of immobilizing the soluble PS to produce a low LSB cycling 
degradation by the mutual effect of the N dopants and the -SO3-. The higher initial specific 
capacity of the N-NGN in comparison to the N-OHGN is attributed to the higher electronic in-
plane conductivity of NGN (3h) (Figure 5.5c). This encourages a higher sulfur utilization 
through the electrode. Furthermore, the chemical adsorption of PS promotes electrochemical 
kinetics on the N-NGN (3h).  
Figure 5.4b represents the cycling performances of 70 wt. % N-NGN (3h) and 56 wt. % 
N-NGN (3h) contained LSBs in comparison with the Celgard PP separator at 0.2 C. The sulfur 
and coating loadings of these LSBs are: (3.6 mg cm-2 for Celgard PP, green), (4.9 mg cm-2, 
0.3 mg cm-2 for 70 wt. %  N-NGN (3h), blue) and (5.4 mg cm-2, 0.3 mg cm-2 for 56 wt. % N-
NGN (3h), black). The LSB with the pristine Celgard delivered a maximum specific capacity 
of 420 mAh g-1 with rapid degradation of 45 % after 143 cycles with a 3.6 mg cm-2 sulfur 
loading. This rapid degradation is caused by the diffusion of highly soluble PS through the 
pores of the Celgard PP separator and the subsequent electrochemical conversion at the 
anode. It results in a specific capacity loss in LSBs. In addition, most of the sulfur associated 
with Li2S in the anode is considered lost as they do not return to the cathode [3].  
In contrast to the Celgard PP, the capacity loss is remarkably reduced to 12 % after 
200 cycles, when 70 wt. % N-NGN (3h) is implemented (Figure 5.4b, blue). This N-NGN 
coated Celgard PP with the negatively charged SO3- promotes the Li+ transport and hinders 
the PS diffusion through charge repulsion [59]. As a result, low degradation is achieved. 
However, Nafion has a low electronic conductivity, which is not promising for the active 
material utilization during cycling. Therefore, to elevate the electrochemical performances of 
the LSBs, the amount of concentrated Nafion solution was reduced to 56 wt. %  and mixed 
with 44 wt. %  NGN - nominally presented as 56 wt. % N-NGN (3h) (Figure 5.4b, black). 
Interestingly, with a coating loading of 0.3 mg cm-2, this LSB introduces an initial specific 
capacity of 862 mAh g-1 and maintains to 604 mAh g-1 after 200 cycles with a 14 % capacity 
loss. The improved electrochemical performance and stability is a good indication that higher 
electronic conductivity facilitates sulfur utilization.  
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Realizing this improved electrochemical performances of Nafion reduced 56 wt. % N-
NGN (3h) (Figure 5.4b, blue), the focus was given to NGN (5h) with 56 wt. % Nafion (56 
wt. % N-NGN (5h)) to produce LSBs at high sulfur loading (Figure 5.4c). However, a high 
sulfur loading is difficult to obtain using the conventional doctor blade slurry coating process 
on the conventional aluminum current collector. For sulfur loadings higher than 8 mg cm-2, 
the electrode becomes brittle and most of the active composites peel off from the cathode 
while punching. Taking these drawbacks into consideration, the high sulfur loading electrodes 
were prepared through drop coating [43]. The details of the drop casting process are 
illustrated in Figure 5.S4. The electrochemical performance of 56 wt. % N-NGN (5h) with the 
drop cast electrodes is shown in Figure 5.4c. The 56 wt. % N-NGN (5h) containing LSBs 
with a high sulfur loading of 15 mg cm-2 and 12 mg cm-2 shows an initial specific capacity of 
808 mAh g-1 and 914 mAh g-1 with 32 % and 34 % losses after 200 cycles respectively at 0.1 
C. The enhanced initial sulfur utilization and electrochemical performance is attributed to the 
electrical conductivity and the strong PS affinity of the 56 wt. % N-NGN (5h) coating. 
Especially, the Li bond formation with the electronegative N dopants and the SO3-. These 
species facilitate intermolecular binding and charge transfer which enhances the sulfur and 
PS conversion kinetics[60, 61] (Figure 5.6).  
However, these LSBs with high sulfur loadings produce undesirable coulombic 
efficiencies with some cycling instability. The unstable coulombic efficiency could be due to 
unwanted side reactions and the lack of electrons and Li+ to facilitate electrochemistry in the 
LSB during cycling. During cycling the PS agglomerates at the sandwich interface between 
the coating layer and the electrode. This interrupts Li+ conduction and electron access to the 
sulfur. This phenomenon becomes more severe as the sulfur loading is increased. As a result, 
the coulombic efficiency is interrupted. This loss of discharge capacity could be due to the 
polarization occur when a high load current passes through the electrodes [62]. In a more 
specific way, these losses can be regarded to the activation polarization due to the 
electrochemical reactions and the concentration polarization owing to the concentration 
differences of the reactants and products at the electrode surface. These polarization effects 
mostly consume the loss of charge energy and given off as waste heat. As a result, not all of 
the theoretically available energy stored in electrodes is fully converted into useful discharge 
energy.  
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Figure 5.4. (a) Cycling performance of LSBs, blue color: 70 wt. % N-OHGN at 4.5 mg cm-2 
sulfur and 0.4 mg cm-2 coating loading. Black color: 70 wt. % N-NGN (3h) at 6.0 mg cm-2 
sulfur and 0.4 mg cm-2 coating loading. Red color: 70 wt. % N-NGN (3h) at 5.4 mg cm-2 sulfur 
and 0.3 mg cm-2 coating loading. (b) Cycling performance of LSBs, Green color: Celgard PP 
at 3.5 mg cm-2 sulfur loading, blue color: 70 wt. % N-NGN (3h) at 4.9 mg cm-2 sulfur and 0.3 
mg cm-2 coating loading. Black color: 56 wt. % N-NGN (3h) at 5.3 mg cm-2 sulfur and 0.3 mg 
cm-2 coating loading. (c) Cycling performance of LSBs, Black color: 56 wt. % N-NGN (5h) at 
15 mg cm-2 sulfur and 0.4 mg cm-2 coating loading. Red color: the 56 wt. % N-NGN (5h) at 
12 mg cm-2 sulfur and 0.4 mg cm-2 coating loading. (d-f) charge/discharge profiles at 10th 
cycles for all LSBs shown in Figure 5.4a-c, respectively. (g-i) comparison of areal capacities 
at initial and 100th cycles for all the LSBs shown in Figure 5.4a-c. 
5.4.3 Charge/discharge profiles 
The LSB charge-discharge profiles provide information on the electrochemical kinetics 
and voltage losses. For an ideal electrochemical reaction, the LSB needs a continuous supply 
of Li+; electrons to activate the sulfur; functional host to bind the PS in the between the 
cathode and coated separators and their reactivation. During discharge, the soluble PS 
undergoes multiple conversion steps to insoluble Li2S. The poor chemical affinity of the host 
materials with the PS prevents efficient charge transfer and slows down the reaction kinetics 
[63]. Therefore, a PS mediator with a strong chemical affinity to the PS is required to facilitate 
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the sulfur electrochemistry. Moreover, the electrocatalytic conversion of the PS products 
during cycling requires a conductive scaffold to maintain the electrochemical reactions. In our 
research, the highly conductive NGN acts not only as a PS trap but also as a promising 
electro-catalyst to accelerate the redox kinetics of intermediate PSs.  
The corresponding charge/discharge profiles for all the tested LSBs for the 10th cycle 
are displayed in Figure 5.4d-f. To produce discharge capacity, the S8 undergoes into two 
voltage plateaus. During these plateaus the S8 forms into liquid and then solid PS (Li2Sn, n = 
1-8). In Figure 5.4d-f, two distinct discharge plateaus are observed. In the high voltage 
plateau, the elemental sulfur (S8) reduces to long-chain PS (Li2Sn, n = 4-8). At the low voltage 
plateau, the long-chain PS reduces to Li2S2/Li2S [8]. The theoretical capacity of the high and 
low voltage plateaus is 419 and 1256 mAh g-1, respectively. The first and second plateau 
region of the 70 wt. % N-OHGN provides specific capacities of 117 mAh g-1 and 406 mAh g-
1 (Figure 5.4d), which is 27 % and 23 % of the theoretical capacity of these plateaus. The N-
OHGN has a large voltage loss, which also leads to sluggish electrochemical kinetics and 
low sulfur utilization. However, after introducing the 70 wt. % N-NGN (3h) coating, the 
capacity of the first and second plateau is promoted to 57 % and 46 % of the theoretical limits 
even despite the higher sulfur loading (Figure 5.4d, red). The voltage is also reduced for the 
70 wt. % N-NGN (3h) sample (Figure 5.S5). This indicates improved electrokinetics, which 
is attributed to the higher electronic conductivity of the N-NGN (3h) (Figure 5.5c) and the 
chemical affinity of the N dopants and the SO3- which facilitate charge transfer (Figure 6).  
Turning back to Figure 5.4e, the LSB with the pristine Celgard PP shows a high 
voltage loss, indicating sluggish electrochemical kinetics. As a result, this LSB only achieves 
16 % and 13 % of the theoretical capacity at the first and second plateau, respectively. This 
large voltage loss is predominately due to sluggish oxidation and reduction kinetics of the 
solid PS during cycling. On the contrary, the 56 wt. % N-NGN (3h) promoted the 
electrochemical kinetics with 50 % and 37 % of the theoretical limit even at high sulfur loading 
of 5.3 mg cm-2 (Figure 5.4e, black). Interestingly, this voltage loss is more significantly 
reduced when the 56 wt. % N-NGN (5h) is introduced even at a high sulfur loading of 12 and 
15 mg cm-2 (Figure 5.4f). At 12 mg cm-2 sulfur loading (Figure 5.4f, red), the N-NGN (5h) 
produced 71% and 45 % of the theoretical capacity at the first and second plateau. The 
underlying reason of the promising electrochemical performance of 56 wt. % N-NGN (5h) at 
high sulfur loading could be attributed to the Li atoms captured by the electronegative N-
dopants in NGN with different doping configurations. The chemical interaction of PS can 
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happen strongly with the pyridinic N and additional binding can form be-tween the S anions 
in PS and Li-ions captured by the N dopants.[38] As such, the higher electronic conductivity 
coupled with the strong chemical bonding sites for the PSs increases electrochemical kinetics 
of the N-NGN (5h) which reduces the voltage losses (Figure 5.S5). 
5.4.4 Areal capacity 
The practical applications of LSBs in electric vehicles require an increased sulfur 
loading to achieve a high areal capacity (mAh cm-2). The areal capacity of commercial LIBs 
is 4 mAh cm-2 for electric vehicle applications [64, 65]. Comparing the lower average voltage 
of LSBs (2.2 V) to LIBs (3.5 V), the LSB areal capacity will need to be around ~6 mAh cm-2 
to compete with the state-of-the-art LIBs [66]. However, at a high sulfur loading, the shuttle 
effect becomes more prominent. In the presence of chemically interactive hosts, such as N 
and -SO3-, the PS shuttling can be mitigated even at a high sulfur loading. Hence, chemically 
interactive hosts are key to accessing the active materials which lead to a high areal capacity 
at a high sulfur loading.  
In our research, the areal capacities at the initial and 100th cycles of all LSBs (Figure 
5.4a-c) are compared in Figure 5.4g-i. The 56 wt. % N-NGN (5h) produces a maximum areal 
capacity of 12.0 mAh cm-2 and 11.0 mAh cm-2, respectively, at 12.0 mg cm-2 and 15.0 mg cm-
2 sulfur loading. This areal capacity limit is even higher than the required areal capacity of 
LSBs for commercial application (Figure 5.4i). Interestingly, both of these LSBs also retains 
an areal capacity of more than 6 mAh cm-2 after 100 cycles. The remarkable electrochemical 
performance of the N-NGN can be attributed to:  
(1) the oxygen and hydroxyl dopants of graphene in N-OHGN. This enables stable 
cycling chemical binding of the PS onto the functional groups. However, the initial capacity is 
compromised due to the reduced electronic conductivity of this coating layer. In addition, the 
multilayered structure of the OHGN ensures the physical separation of the PS.  
(2) The high electronic conductivity of the N-NGN which affords fast electron transport 
to accelerate the electrochemical reactions. In addition, the N-NGN provides both chemically 
binds and physically blocks the PS diffusion. The chemical binding is provided through the 
electronegative N dopants and the physical blocking is provided through the multilayered 
structure. 
 (3) The presence of the Nafion in both NGN and OHGN provides chemically 
interactive -SO3- group to chemically attract the PS and  also facilitates Li+ conductivity of the 
coating [67].  
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5.4.5 Anode observation 
From the anode photographs, it is clear that the N-NGN contained LSB provides better 
protection to the anode than the Celgard PP and the N-OHGN contained LSBs (Figure 5.S6). 
However, some coulombic efficiency instabilities are noticed at a high sulfur loading (Figure 
5.4c). Typically, the cracks in the high sulfur loaded electrode will reduce in-plane electronic 
conduction and electron access to the active sulfur, leading to the breakdown of the 
conductive matrix.[68] In addition to this issue, the lithium metal degradation may be 
encouraged through unstable solid-electrolyte interface growth and uncontrolled dendrite 
growth [12]. To understand the Li anode degradation in the current cells, the SEM-EDS 
mapping was carried out of the cycled Li anode used for 12 mg cm-2 and 15 mg cm-2 sulfur 
loading (Figure 5.S7). The SEM images show a corroded Li surface for both electrodes. Here, 
the anode with 15 mg cm-2 is more porous and cracked – suggesting severe corrosion during 
plating and depleting of Li+. In addition, the EDS elemental analysis reveals the presence of 
sulfur on the Li anode surface - indicating PS diffusion at high sulfur loading causing the 
cycling instability 
5.4.6 OCV and IR loss analysis 
The open-circuit voltage (OCV) is the potential difference between the two electrode 
terminals when no external load is connected. Monitoring the OCV before using the LSB 
provides a good indication of the cell stability and the defensive nature of the coated 
separators when no current is being drawn. The OCV will change due to the shuttling of PS 
during rest. In our research, to understand the defensive nature of N-NGN (3h) and N-OHGN 
coated separators the LSBs are held at OCV for 20 hours (Figure 5.5a). The OCV gradually 
drops for the Celgard PP LSB and the N-OHGN shows OCV fluctuations during resting - 
indicating PS shuttling. However, the N-NGN (3h) LSB shows a very stable OCV – indicating 
that the PS shuttling is mitigated during the resting time.  
During cycling, the LSB OCV depends on the state of charge (SOC) and the depth of 
discharge (DOD). In the ideal scenario, at the end of the charge, the active material should 
all be sulfur and at the end of discharge, the active material should be Li2S2 and Li2S. As 
such, the OCV is different after the charge and discharge cycles. However, the diffusion of 
the soluble PS through the coated separators and the consequent loss of solid Li2S to the 
anode would change the OCV after discharge and charge cycles. To understand the OCV 
after charge and discharge cycles, the N-NGN (3h) contained LSB were monitored through 
voltage interruptions test as shown in Figure 5.S8. The first few cycles of this test shown in 
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Figure 5.5d. For this experiment, the charge/discharge profiles of LSB were operated in the 
galvanostatic land system followed by 5 hours of resting time after each charge/discharge 
cycle to capture the OCV’s. The identical OCV’s of the LSB after charge/discharge upon 
cycling indicates there is minimal PS shuttling during LSB cycling.  
Figure 5.5e is a zoomed-in view of the first cycle and shows the close circuit voltage 
(CCV) and open-circuit voltage (OCV) during charge and discharge - presented as CCCV, 
COCV, DCCV, and DOCV, respectively. The internal resistance of the LSB is another 
important parameter to which combines losses from electrochemical and ohmic resistance in 
the system. It captures information about the voltage losses, which consumes part of the 
useful energy. The voltage drop due to internal resistance is proportional to the current drawn 
from the system. The CCV of the N-NGN (3h) contained LSB is quantified based on the 
following equations [62]:  
𝑉஼௛ ௔௥௚ ௘(஼஼஼௏) = 𝑉஼ை஼௏ + [(𝜂௖௧)௔ + (𝜂௖)௔] + [(𝜂௖௧)௖ + (𝜂௖)௖] + 𝑖௖௛ ௔௥௚ ௘𝑅௖௛ ௔௥௚                    (5.4)                  
𝑉ௗ௜௦௖௛ ௔௥௚ ௘(஽஼஼௏) = 𝑉஽ை஼௏ − [(𝜂௖௧)௔ + (𝜂௖)௔] − [(𝜂௖௧)௖ + (𝜂௖)௖] − 𝑖ௗ௜௦௖௛ ௔௥௚ ௘𝑅ௗ௜௦௖௛ ௔௥௚ ௘       (5.5)                                              
Here, 𝑉௖௛ ௔௥௚ (஼஼஼௏)  and 𝑉ௗ௜௦௖௛ ௔௥௚ ௘(஽஼஼௏) are the closed-circuit voltages/operating 
voltages during charging and discharging, respectively; 𝑉௢௖௩ is the OCV, (𝜂௖௧)௔, (𝜂௖௧)௖ are the 
charge-transfer overpotential at the anode and cathode, respectively. (𝜂௖)௔, (𝜂௖)௖ are the 
concentration overpotential at the anode and cathode, respectively. 𝑖௖௛ ௔௥  and 𝑖ௗ௜௦௖௛ ௔௥௚ ௘ 
are the electronic current during charging and discharging. 𝑅௖௛ ௔௥௚ and 𝑅ௗ௜௦௖௛ ௔௥௚ ௘  are the 
ohmic resistances during charging and discharging, respectively. It is understandable from 
the above equations that both the charge ( 𝑉௖௛ ௔௥௚ ௘(஼஼஼௏) ) and discharge voltage 
(𝑉ௗ௜௦௖௛ ௔௥௚ ௘(஽஼஼௏)) predominantly depends on the OCV and overpotential and ohmic resistance 
of the LSBs. From the above equations, the overpotential (𝜂) and 𝑖𝑅 loss ((𝜂 +𝑖𝑅) is calculated 
for both the charge and discharge curves as shown in Figure 5.5e. Upon repetitive cycles 
the (𝜂 +𝑖𝑅) loss for both the charge (0.46 V) and the discharge (0.44 V) cycles is constant. 
This indicates there is no increase in the internal resistance of the cell during cell operation. 
This combined with the stable OCVs indicates that the N-NGN (3h) LSB mitigates PS 
diffusion and also maintains a constant internal resistance. It is well known that the voltage 
losses during charging are higher during cycling. This is due to the slow kinetics of converting 
the Li2S2 and Li2S. These voltage losses are undesirable as they are responsible for poor 
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energy efficiency [69]. In addition, a larger voltage loss typically provides slower kinetics 
which reduces sulfur utilization leading to larger specific capacity loss.   
5.5 Electrochemical impedance and conductivity analysis 
Electrochemical impedance spectroscopy (EIS) was further employed to understand 
the electrochemical behavior of the N-OHGN LSB and the N-NGN (3h) LSBs before and after 
cycling. The EIS for the 70 wt. %  N-OHGN and 56 wt. %  N-NGN (3h) before and after 
operations incorporate an ohmic resistance of the electrolyte and electrode, a high-frequency 
charge-transfer process (Rct), and a sloping straight line in the low-frequency region which 
represents a semi-infinite Warburg diffusion process. The Rct demonstrates electrochemical 
kinetics, which relies on both surface polarity and intrinsic conductivity [61]. The Rct is 
remarkably smaller for the 56 wt. % N-NGN (3h) LSB in comparison to the 70 wt. % N-OHGN 
LSB after cycling. This is attributed to the faster Li+ diffusion and improved PS pinning which 
encourages improved charge transfer. The ohmic resistance of the 56 wt. % N-NGN (3h) LSB 
is also lower than the 70 wt. %  N-OHGN LSBs. This indicates that the highly conductive 
NGN (3h) has a better contact resistance between the coating and the electrode in 
comparison to the N-OHGN.  
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Figure 5.5. (a) OCV profiles of 56 wt. % N-NGN (3h), 70 wt. % N-OHGN and Celgard 
contained LSBs during 20 hours resting time before the cycling operation. (b) EIS spectra’s 
of 56 wt. % N-NGN (3h) and 70 wt. % N-OHGN contained LSBs for before and after cycling 
operation. (c) The electrical conductivity of 70 wt. % N-OHGN, 56 wt. % N-NGN (3h) and 56 
wt. % N-NGN (5h) coated Celgard PP separator. (d) Voltage interruption test of 56 wt. % N-
NGN (3h) contained LSBs followed by 5 h resting time after charge and discharge cycles, 
respectively. (e) Zoom-in view of the first cycle to show the charging closed circuit voltage 
(CCCV), Charging open-circuit voltage (COCV), discharging closed circuit voltage (DCCV), 
discharging open-circuit voltage (DOCV). (f) η+iR loss for all discharge and charge cycles 
shown in Fig. (d) from the equations (4) and (5). 
 
A key metric for LSB performance is the electronic conductivity of the coating film [70]. 
A high electronic conductivity improves sulfur utilization due to improved redox kinetics. 
Therefore, the favorable in-plane electronic conductivity of 56 wt. % N-NGN (3h) coating can 
assist in reactivating these solid and liquid PS during cycling. In regard to this, the physical 
electronic conductivities of 70 wt. % N-OHGN, 56 wt. % N-NGN (3h) and 56 wt. %  N-NGN 
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(5h) coated Celgard PP separators were confirmed by the four-point probe analysis (Figure 
5.5c). Interestingly, the value of electronic conductivities of these coated Celgard PP is in 
good agreement with the cycling performance presented in Figure 5.4a-c. The low electronic 
conductivity of 70 wt. %  N-OHGN could be attributed to the C/O ratios due to the presence 
of abundant oxygen contents after the H2O2 treatment [41]. Contrary, the higher conductivity 
of 70 wt. % N-NGN (3h) and 56 wt% N-NGN (5h) is comparatively higher in comparison to 
70 wt. % N-OHGN (Table 1), indicating the presence of abundant electronegative N dopants. 
In LSBs, the discharged products (Li2S2 and Li2S) could be easily precipitated onto the 
surface of N-NGN matrix and form a passivation layer. Such an insulated passivation layer 
hinder the fast diffusion of active species and slow down the electrochemical reaction. Due 
to this higher electronic conductivity, the N-NGN acts as a second current collector layer. This 
facilitates electron transport and improves electrode kinetics.  
5.6 PS adsorption energy calculation through DFT analysis 
PS adsorption is more prominent on polarized surfaces of the host materials [8, 30]. 
To reveal the impact of the polar pyridinic NGN graphene, -OH-doped graphene and -SO3- 
graphene on the cycling performance of LSBs, the theoretical adsorption energies between 
PS Li2Sn (n = 1,2,3 4, 6, 8) with N, -OH, -COOH and -SO3- graphene were calculated using 
density functional theory (DFT) (Figure 5.6).  
The molecular structures of the NGN (5h), NGN (3h), -OH doped graphene (OHGN), 
sulfonated graphene (SGN) and –COOH graphene with their adsorptions configurations are 
shown in are Figure 5.6a-e. These configurations were obtained by a CASTEP simulation 
package in the framework of DFT. In the adsorption structure (Figure 5.6a-e), the most 
favorable binding terminals of the Li2Sn are the Li atoms which tend to bond with the N,-OH, 
-COOH and -SO3-. The interactions of the Li and the Sn- anions from the PS species with 
these functional groups can be denoted as a chemical interaction and physical van der Waals 
(vdW) interactions [38]. It can be understood from Cui’s work [60] that the S8 molecule has 
almost no chemical interaction and the adsorption is dominated by physical vdW interaction 
with low adsorption energy. The adsorption of long-chain PSs mainly depends on the vdW 
interactions, while the anchoring of short-chain PSs depends on the chemical bonding. With 
the lithiation of PSs, the weak physical adsorption gradually exchanges to the strong chemical 
bonding. In our study, the adsorption energy of PSs to the functional groups show a gradually 
decreasing tendency as the number of S increases, which is similar to those of the two-
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dimensional moderate anchoring materials (MS2, M=Ti, Zr, V, Nb, Mo) [60]. The details of the 
synergistic adsorption energies of all these elements are depicted in Figure 5.6f. These 
adsorption energies are predominantly higher than the weak intermolecular interactions (0.1-
0.7 eV) of the polar PS with the non-polar carbon materials [27]. The PSs prefers to be 
adsorbed on the polar surface caused by a newly formed Li-O bond between the Li2S8 and 
the O atoms in the hydrophilic -OH group. The Li-O bond not only stabilizes the PS but also 
accelerates the charge transfer on the OHGN due to its covalent character [71] - promoting 
the cycling stability of the OHGN LSB (Figure 5.4a, blue). The interfacial adsorption energy 
of PS on OHGN is further increased for Li2S2 and Li2S due to the shorter bond lengths. This 
stronger adsorption energy can also be attributed to the higher overall fraction of the positively 
charged Li+ ions [72]. Therefore, the stable cycling performance of N-OHGN could be 
attributed to the oxidants of OHGN after the H2O2 treatment (Figure 5.4a, blue). The ability 
of PS to nucleate on the N-OHGN and N-NGN surface was confirmed by EDS mapping 
Figure 5.S3. However, the overall worse performance of the OHGN is attributed to the 
reduced electronic conductivity despite the relatively good binding energies with the PS 
(Figure 5.5c & 5.6a).  
The PS adsorption energies of N dopants for NGN (3h) is comparatively higher than 
the -OH and -COOH and SO3- (Figure 5.6f) species. The adsorption energies of N with the 
PSs from the NGN (5h) even outperforms the other functional groups in Figure 5.6a-e. The 
cycling performances also in line with this theoretical DFT calculation. The higher 
concentration of N-dopants in the NGN (5h) could be key to the enhanced electrochemical 
performance at high sulfur loadings [38]. Additionally, the -SO3- a group of the Nafion plays a 
crucial role in confining the PS species through polar-polar interaction. Therefore, the 
combined synergistic effect of pyridinic N and -SO3- of the N-NGN exhibits a higher areal 
capacity at a high sulfur loading. The strong interaction between the surface functional 
dopants and the PS is essential to limit the shuttle effect, which is also confirmed by the OCV 
and voltage interruption tests shown in Figure 5.5a&d. 
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Figure 5.6. Optimized configurations for the binding of Li2Sn (1,2,3,4,6,8) with the (a) pyridinic 
N of NGN (5h), (b) pyridinic N of NGN (3h), (c) sulfonyl graphene SGN, (d) -OH of OHGN 
and (e) –COOH of OHGN. (f) the comparison of adsorption energies of NGN (5h), NGN (3h), 
OHGN, SGN and –COOH with PS. 
 
5.7 Conclusion 
In conclusion, we have employed N-NGN as a promising separator coating for LSBs. 
These cells produced an impressive specific capacity and a long life cycle. The unique 
multilayer structure of the N-NGN coating not only physically blocks the PS but also 
chemically binds the PS through polar-polar interactions of the pyridinic N and the -SO3-. 
Furthermore, the electronic conductivity of the NGN enhances the sulfur utilization of LSBs. 
The N-NGN coating with the electrode 70 wt. % sulfur content ensured a high areal capacity 
of 12.0 and 11.0 mAh cm-2, respectively at 12 and 15 mg cm-2 sulfur loading. This areal 
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capacity is promising and higher than the required areal capacity of LSBs to be applicable in 
electric vehicles and portable devices.  
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Figure 5.S1. (a-b) Low magnified SEM images of OHGN and NGN materials. (c-d) High 
magnified SEM images of OHGN and NGN materials. (e,f) Low magnified TEM images of 
OHGN and NGN. 
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Figure 5.S2. EDS mapping on (a) N-NGN and (b) N-NGN coated Celgard PP separators 
after cycling operation. 
 
 
Figure 5.S3. Pore size distributions with the adsorption/desorption isotherms for OHGN and 
OHGN, respectively. 
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Figure 5.S4. The drop slurry casting process on carbon coated aluminium foil. 
 
Figure 5.S5. Voltage loss at 200 mAh g-1 for N-OHGN, N-NGN and Celgard contained LSBs. 
 
 
Figure 5.S6. Handset pictures of the anodes from N-NGN, N-OHGN and Celgard PP 
contained LSBs at low sulfur loading. 
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Figure 5.S7. EDS mapping elemental analysis of the cycled anodes from N-NGN (5h) 
contained LSBs (a) at 12 mg cm-2 and (b) at 15 mg cm-2 sulfur loading. 
 
 
Figure 5.S8. Charge/discharge profiles of N-NGN contained LSBs followed by five hours 
resting time.  
 
Figure 5.S9. (a) XRD pattern of pure sulfur and CNT-70. (b) TGA analysis of CNT-70.  
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Figure 5.S10. SEM images of cycled cathodes after 200 cycles for (a) OHGN and (b) N-GNN 
contained LSBs.  
 
 
Figure 5.S11. (a) FTIR analysis of OHGN and NGN (3h) materials. (b) FTIR analysis of N-
OHGN and N-NGN. 
 
The OHGN and NGN graphene materials were characterised by the (FTIR) (Figure S11a) to 
identify the presence of OH and C-O bonds. The peaks at 3164, 1505, 1312 and 860 cm-1 
can be ascribed to stretching vibrations of O-H or N-H; C = O; C-C and C-O-C bonds [1]. The 
C = O is anticipated to be coming from -COOH. In addition, the FTIR of N-OHGN and N-NGN 
were carried out to confirm the presence of the -SO3- group (Figure S11b). The characteristic 
peaks of the Nafion in both of the N-OHGN and N-NGN were observed at 1199 and 1139 cm-
1 indicates to the symmetric CF2 stretching, 1055 cm-1 indicates to the -SO3- symmetric 
stretching, and 974 cm-1 for the C-O-C stretching [2, 3].  
 
Table 5.S1. A comparison of our N-NGN contained LSBs with those studied in the recent 
literature. 
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Paper Materials Sulfur wt. % 
Sulfur 
loading 
mg cm-2 
C-rate 
Areal 
capacity 
mAh cm-2 
Initial 
Areal 
capacity 
mAh cm-2 
100 cycles 
E/S 
(µL.m
g-1) 
 
Ref 
This work 
Sulfonyl anchored dual 
doped multilayered 
graphene 
70 15 & 12 (0.1 C) 12 & 11 7 & 5 8 
This 
work 
Nano 
energy Doped porous carbon 64.8 
9 
(0.25) 9.29 8.24 11.4 [4] 
Advanced 
Energy 
Materials 
Graphene/Polyethylene 
mine 70 
5.6 
(0.75 C) 4.3 4.9 n/a 
[5] 
Advanced 
Energy 
Materials 
N-doped Graphene/Carbon 
Nanotube 75 
1.1 
(10 C) 0.4 0.6 n/a [6] 
Advanced 
Materials 
3D Nitrogen-Doped 
Graphene/TiN 70 
9.6 
(0.5 C) 12 n/a 10 [7] 
Advanced 
Functional 
Materials 
MOFs/Nitrogen-Doped 
Porous Carbon Anchored on 
Graphene 
64 2.4 (0.1 C) 3.28 1.8 12.5 [8] 
Advanced 
Functional 
Materials 
Double Hydroxides–Carbon 
Nanotubes 55 
4 
(1 C) 4.2 3.8 20 [9] 
Journal of 
Materials 
Chemistry A 
N/P co-doped 
graphene/CNT@porous 
carbon 
50 1.6 (0.1 C) 2.4 1.4 54 [10] 
Journal of 
Materials 
Chemistry A 
Sulfur-nitrogen dual-doped 
graphene 42.5 
0.6 
( 2 C) 0.4 0.3 n/a [11] 
ACS 
applied 
materials & 
interfaces 
rGO/MoS2 70 2 (0.2 C) 2.2 1.5 25 [12] 
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6.1 Abstract 
The shuttling of polysulfides (PS) is a major technical issue for lithium sulfur batteries 
(LSB). Coating the LSB separator is an effective and simple way to mitigate the PS shuttle. 
However, these coating materials need to be carefully designed to produce an architecture 
with a high porosity, high surface area and functional chemical binding sites. The judicious 
design of these materials will improve the sulfur utilization and hinder the PS shuttle. Here, 
conductive and chemically interactive zinc (Zn) and nitrogen (N) -doped, Zeolitic imidazolate 
frameworks-8 ZIF-8 derived carbon (ZnN-cZIF-8) with micropores (≤ 2 nm) is prepared 
through pyrolysis of pure ZIF-8. The ZnN-cZIF-8 is further activated in KOH to produce an 
ultra-high surface area carbon (UHS-cZIF-8) with both micropores and mesopores. The aim 
of this study is to understand the relative importance of these material architectures on 
mitigating PS shuttle in LSBs. Our research concludes that the ZnN-cZIF-8 with the 
chemically interactive sites (Zn and N contents) and a microporous structure enhances 
physisorption and chemisorption of PS - leading to a good long-term stability at a high sulfur 
loading. 
6.2 Introduction 
There is an increasing demand for portable energy storage for electric vehicles and 
portable electronics. To date, Li-ion batteries (LIBs) have fulfilled this demand. However, LIBs 
have a limited gravimetric energy density of 240 Wh kg-1 (e.g., Panasonic  NCR18650B) with 
a volumetric energy density of 670 Wh L-1 [1]. In addition, the LIBs are expensive and have 
some safety concerns [2, 3]. This has sparked intensive research into developing alternative 
energy storage systems with a high energy density; low cost and improved environmental 
friendliness. In this regard, the Li-S battery (LSB) has become one of the most promising 
alternative candidates. The high theoretical capacity of sulfur (1675 mAh g-1) and gravimetric 
energy density of (2600 Wh kg-1), is approximately 3-5 times higher than the LIBs cathode 
[2]. Moreover, sulfur is naturally available, environmentally friendly and cost-effective (≈$150 
per ton) in comparison to the traditional transition-metal oxide cathodes of LIBs, such as 
LiCoO2 (≈$10,000 per ton) [4, 5]. Nevertheless, the major technical issue with LSBs is the 
shuttle of the intermediate polysulfides (PSs) during cycling [6, 7]. During battery cycling, the 
PSs migrate from the cathode to the anode where they transform into low-order PSs. The PS 
transformation in the anode does not contribute to the discharge capacity and the sulfur, now 
associated with the anode, is considered to be lost [8]. The migrated PS reacts with the Li 
151 
 
anode to form a Li2S/Li2S2 layer on the Li surface. Moreover, the insulating Li2S/Li2S2 layer 
will retard the rapid diffusion of Li resulting in poor rate capability. Therefore, the key research 
focus is to explore how to contain the PSs in the cathode and to avoid capacity loss during 
LSB operation.   
Porous and hollow carbon materials have been used to mitigate the PS shuttle effects 
through physical confinement [9-14]. Typically, the non-polar, porous carbon materials show 
weak intermolecular interactions with the polar PS (0.1-0.7 eV) [15]. As such these non-polar 
hosts are not effective in controlling the PS diffusion for long-term cycling. The PSs adhere 
to the porous carbon through weak van der Waals interactions. Hence, at room temperature 
the PS tends to diffuse out of the porous cathode scaffold. Also, as the pore size of the carbon 
hosts is typically larger than the PS dimension (2 nm) and PS trapping is not possible [16]. 
Therefore, PS shuttling still remains a scientific challenge that needs an efficient solution for 
further commercialisation of LSBs. 
An effective way to trap PSs is through modifying the electrodes or the Celgard-2500 
separators. In these modifications functional materials can be used that provide chemical PS 
trapping through polar-polar and Lewis acid-base interactions [17-19]. The binding energies 
of these functional materials is typically higher than the non-polar carbons. Metal organic 
frameworks (MOF) are one sub-category of functional materials that have a unique 
combination of both nano-porous channels and chemically-active sites [20-24].  It can be 
understood from these recent studies that the host materials need to possess some key 
properties to enable high-performance LSBs this includes:  
 high electronic conductivity - to enhance sulfur utilization; 
 chemical affinity to PS – to mitigate PS shuttle and accelerate PS redox reactions; 
 high surface area – to allow for a high sulfur loading; and a low E/S ratio; 
 microporosity (≤ 2 nm) - to physically block the PS shuttle.  
All these parameters have a significant impact on the overall performance of LSBs. 
Over the last few years research has focused on the synthesis of new host materials and 
their performance [2].  However, the experimental investigation on the relative importance of 
these material parameters is missing in the literature. Considering the above material 
properties, two new MOFs materials have been signed and used as a separator coating to 
investigate their impact on the PS shuttle effect.  The micropores of the ZIF-8 carbon have 
been considered for the rational design of ZIF-8 for faster Li+/e- transport to accelerate the 
electrochemical kinetics in addition with the PS inhibition. The two materials are ZnN-cZIF-8 
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and UHS-cZIF-8. These materials are synthesized from a pristine ZIF-8 MOF. The ZnN-cZIF-
8 (surface area 604 m2 g-1), contains both Zn and N contents. The ZnN-cZIF-8 has three 
mechanisms to improve the LSBs performance. Firstly, the cZIF-8 has an excellent electrical 
conductivity to increase sulfur utilization. Secondly, the microporous structure (≤ 2 nm) can 
physically encapsulation the PS. Thirdly, the Zn and N dopants provide Lewis acid and polar-
polar interaction sites respectively. These sites can trap the PSs and subsequently acts as 
catalytic sites to reactivate the trapped PS. In comparison, the UHS-cZIF-8 has a relatively 
larger pore size, ranging from 1 - 3 nm, and an ultrahigh surface area of 3512 m2 g-1 which 
can physically encapsulate the PS. The large void space also provides a buffer for volume 
expansion during the lithiation process. The aim of this research is to understand the relative 
impact of these different material properties on the performance of LSBs. 
6.3 Experimental  
6.3.1 Materials preparation 
6.3.1.1 Preparation of ZIF-8 polyhedron 
All chemicals were purchased from Aldrich and used without further treatments. The 
ZIF-8 was synthesized from Zn2+ ion and 2-methylimidazole aqueous solutions. In detail, 100 
mL of Zn precursor aqueous solution was prepared using 10.0 g of Zn (CH3COO)2∙2H2O. 
20.0 g of the 2-methylimidazole was dissolved in 100 mL of DIW. After the preparation of 
each clear reaction solution, they were mixed, and the reaction solution was stirred at room 
temperature (R.T.) for 30 min and kept overnight. The white-colored ZIF-8 powder was 
collected by centrifugation at 7000 rpm, thoroughly washed several times with ethanol and 
DIW to remove unreacted Zn precursor and 2-methylimidazole. This washing process was 
checked with pH-indicator paper. The final product was dried at 60 °C in a convection oven 
for 24 hours. Then, the white powder was dried at 60 °C under vacuum for 12 hours. 
6.3.1.2 Pyrolysis of ZIF-8 for preparation of ZnN-cZIF-8.  
The dried ZIF-8 sample (2.5 g) was kept under Ar for 30 min in the furnace before 
increasing the temperature. Then, the temperature was increased up to 800 °C with a heating 
rate of 5 °C/min and kept for 3 hours under Ar flow. ZIF-8 was successfully converted into 
nano-porous carbon polyhedron (ZnN-cZIF-8). Then, the I-cZIF-8 was collected by 
centrifugation at 7000 rpm and washed several times with DIW until the pH of the solution 
was neutralized. The washed carbon was dried at 100 °C in convection and vacuum ovens.   
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6.3.1.3 Activation of ZnN-cZIF-8 for preparation of UHS-cZIF-8  
For the preparation of ultra-high porous ZIF-8 carbon (UHS-cZIF-8), the potassium 
hydroxide (KOH) was used as an activation reagent. The weight ratio of ZnN-cZIF-8 and KOH 
was 1:1. In detail, the completely dried ZnN-cZIF-8 (1.5 g) was mixed by dropping the 10 mL 
of KOH aqueous solution then dried. The activation process was carried out at 800 °C for 3 
hours under argon flow. After cooling to R.T., the resulted carbon was washed with DIW 
several times to remove the residue and unreacted KOH. The activated carbon was washed 
until the pH of the solution was neutralized. The prepared carbon was dried at 100 °C under 
vacuum and used for separator coating.   
6.3.1.4 Preparation of sulfur electrode and electrolyte  
To prepare the cathode, the conventional CNTs/Sulfur composite with 70 wt % sulfur 
so called CNT-70 was prepared through the infiltration process at 155 ° C.  The 80 wt % of 
CNT-70 with the 10 wt % of conductive Super P and 10 wt % of PVDF were mixed for 
electrodes preparation followed by slurry coating doctor blade process on the carbon coated 
aluminum foil. The sulfur cathode was cut into a circular pellet with a diameter of 10 mm.  
The electrolyte solution was prepared using a 1,3 dioxolane (DOL) and 1,2 
dimethoxymethane (DME) at the volumetric ratio of 1:1, 1 M lithium bis(trifluoromethane 
sulfonyl)imide (LiTFSI) and 0.1M LiNO3. The electrolyte was prepared inside a glovebox, 
supplied with Ar, with O2 and H2O levels below 0.1 ppm to avoid air and moisture 
contamination. 
6.3.1.5 Preparation of coated Celgard PP  
The multifunctional PP separators were fabricated by ultrasonically dispersing the 
ZnN-cZIF-8 and UHS-cZIF-8 materials in NMP (N-Methyl 2-pyrrolidone) and PVDF 
(Polyvinylidene fluoride). The ultra-sonication was performed for 20 minutes followed by 
simple vacuum filtration of the suspension through the Celgard PP separator and washed 
with ethanol. The obtained cZIF-8/PP separator was dried at 60° C in a vacuum oven for 12 
hours and cut into 16 mm diameter. The prepared coated separators are found to be flexible 
and with excellent mechanical strength. 
6.3.1.6 Battery Assembly 
The LSBs were fabricated under H2O and O2 pressure at 0.1 ppm condition inside an 
Ar-filled glove box. A lean electrolyte/sulfur ratio of 6 µL/mg was considered to assemble the 
LSBs. A hydraulic crimping machine (MSK-110 Crimper) was used to seal the LSBs for 
electrochemical testing.  
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6.3.1.7 Electrochemical Measurements 
The LAND system was used to acquire the electrochemical performance of LSBs 
within a voltage window of 1.7-2.8 V (Li/Li+). The Galvanostatic Intermittent Titration 
Technique was employed at 2 hours resting at 2.1, 2.0, 1.9, 1.8, and 1.7 V to capture the 
OCV’s an electrochemical impedance. The electrochemical impedance spectroscopy (EIS) 
tests were conducted at 200 kHz to 100 mHz by applying a small AC potential (10 mV) 
between the working and reference electrodes using Biologic VSP. The Biologic VSP also 
was used to capture the CV profiles of the inactivated and activated cells at 0.1, 0.2, 0.25, 
0.3, 0.4 mV s-1, respectively. 
6.3.2 Characterizations tools 
 The morphology and structure of the inactivated and activated samples were 
characterized using a Field emission Transmission electron microscopy (FE-TEM F20) and 
a scanning electron microscope (SEM) (SU-3500) is equipped with an Oxford X-MAXN 
energy-dispersive X-ray spectroscopy (EDS) detector. XPS survey data was acquired using 
a Kratos Axis ULTRA X-ray Photoelectron Spectrometer incorporating a 165 mm 
hemispherical electron energy analyzer. The incident radiation was monochromatic Al Kα X-
rays (1486.6 eV) at 150 W (15 kV, 10 mA). Survey (wide) scans were taken at an analyzer 
pass energy of 160 eV and multiplex (narrow) high-resolution scans at 20 eV. Survey scans 
were carried out over 1200-0 eV binding energy range with 1.0 eV steps and a dwell time of 
100 ms. Narrow high-resolution scans were run with 0.05 eV steps and at a dwell time of 250 
ms. Base pressure in the analysis chamber was 1.0 x10-9 torr and during sample analysis 1.0 
x 10-8 torr. Atomic concentrations were calculated using the CasaXPS version 2.3.14 
software and a Shirley baseline with Kratos library Relative Sensitivity Factors (RSFs). Peak 
fitting of the high-resolution data was also carried out using the CasaXPS software. N2 
adsorption-desorption isotherms were measured using a Tristar II (Micromeritics Vac prep-
061). The surface area and pore size distribution of the samples were measured by the 
Brunauer-Emmett-Teller (BET) method and Non-Local Density Functional Theory (NLDFT) 
methods, respectively. Thermal gravimetric analysis (Perkin Elmer, Diamond TG) (TGA) for 
CNT-70 was performed in a nitrogen atmosphere to measure wt % mass loss at a heating 
rate of 10°C min-1 till 800 °C. The XRD (X-Ray Diffraction) of samples were analyzed on a 
Bruker D8 Advance Powder X-Ray Diffractometer equipped with a Cu source, operated at 
40kV and 40mA, and energy discriminating 2D array detector that minimizes a fluorescent 
background. Data were collected using a Bragg-Brentano geometry with a 0.12-degree 
155 
 
divergence slit from 5 degrees to 80 degrees two-theta at a resolution of 0.02 degree and at 
1.2 seconds per step 
6.4 Results and Discussion 
6.4.1 Materials characterizations. 
 The PS shuttle in LSBs under typical battery operation is illustrated in Figure 6.1a 
(left), where the PS migrates from the cathode to the anode and reacts to transform into low-
order PSs. This results in a rapid capacity fading and a large volume expansion in the LSB 
anode during cycling.  In our research, the ZnN-cZIF-8 and UHS-cZIF-8 have been 
synthesized to coat the Celgard PP separator to mitigate the PS shuttle from the cathode to 
the anode. After coating, the working mechanism of the LSBs under typical battery operation 
is illustrated in Figure 6.1a (right). The coating on the separator hinders the PS diffusion 
leading to a high-performance LSB. The schematic of the cZIF-8 preparation process is 
shown in Figure 6.1b and the details of the preparation process are described in the 
experimental section (supporting information). 
 
 
Figure 6.1. (a) (Left) Working mechanism of a traditional LSB in practical condition where PS 
migrates through the Celgard-2500 and subsequently reacts with the Li anode. (Right) 
Alleviation of the PS diffusion by coating the Celgard-2500. (b) Synthesis process of ZIF-8 
derived carbon. 
 The morphology of the raw ZIF-8, ZnN-cZIF-8 and UHS-cZIF-8 were characterized by 
scanning electron microscopy (SEM) (Figure 6.S1) and transmission electron microscopy 
(TEM) (Figure 6.2a-k). Figure 6.2a-c show the morphology of the raw ZIF-8, ZnN-cZIF-8 
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and UHS-cZIF-8 powders at low magnifications. After the carbonization process, the ZnN-
cZIF-8 particles (Figure 6.2b) maintain a polyhedron morphology similar to the parent raw 
ZIF-8 (Figure 6.2a). These grains are uniformly dispersed and are approximately 1 μm in 
size. On the other hand, the UHS-cZIF-8 particles (Figure 6.2c) have a large particle size 
distribution with particles being both smaller and larger than the ZnN-cZIF-8. This is due to 
KOH chemical etching. HRTEM images of raw ZIF-8, ZnN-cZIF-8 and UHS-cZIF-8 are also 
shown in Figure 6.2d-f. It should be noted the crystalline structure of raw ZIF-8 has likely 
collapsed due to the sensitivity of ZIF-8 to the electron beam [25, 26]. Further, one-step 
thermal activation directly carbonize the well-defined raw ZIF-8 nanocrystals and form 
nitrogen-doped microporous carbon (ZnN-cZIF-8). Later, severe chemical etching remove 
the metallic Zn species and nitrogen, leaving an open porous structure. Thus, disordered and 
ultra-high porous carbon (UHS-cZIF-8) is obtained after the chemical etching process as 
compared to ZnN-cZIF-8. The EDS mapping of ZnN-cZIF-8 is presented in Figures 6.2g-k 
and shows a homogenous distribution of C, N, O and Zn throughout the grain, where the 
oxygen concentration is low and the presence of other elements are more prominent.  
 The ZnN-cZIF-8 and UHS-cZIF-8 samples were mixed with PVDF and NMP to make 
a slurry and coated on top of the Celgard-2500 through a vacuum filtration process [27] 
(Figure 6.S1e-f). After coating, the top surface of the ZnN-cZIF-8 particles appear more 
interconnected with a uniform surface distribution in comparison to the UHS-cZIF-8.  A 
micrograph of the Celgard-2500 (Figure 6.S1d) and photographs of the ZnN-cZIF-8 and 
UHS-cZIF-8 coated separators are shown in Figure 6.S2a-c. As is shown both coating 
materials are uniformly adhered on top of the Celgard-2500 and does not deform even after 
folding. 
 The ZnN-cZIF-8 has a surface area of 604 m2 g-1 with a pore size below ˂  2 nm (Figure 
6.S3a-b) and a pore volume of 0.32 cm3 g-1. After chemical etching of the ZnN-cZIF-8 with 
KOH, the surface area was enhanced to 3512 m2 g-1, the average pore size is increased in 
addition with the pore volume to 1.89 cm3 g-1 (Figure 6.S3c-d). This ultra-high surface area 
of ZnN-cZIF-8 has been increased almost five times in comparison to ZnN-cZIF-8. The 
increase of surface area demonstrates that the KOH effectively etches the ZnN-cZIF-8 [28].  
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Figure 6.2. Low magnification TEM images of (a) raw ZIF-8 (b) ZnN-cZIF-8 and (c) UHS-
cZIF-8 powder samples. HRTEM images of (d) raw ZIF-8 (e) ZnN-cZIF-8 and (f) UHS-cZIF-
8 powder samples. (g-k) Single particle of ZnN-cZIF-8 and corresponding EDS maps for O, 
C, N and Zn, respectively.   
The crystallinity of the pure ZIF-8 and the corresponding carbon materials were 
examined using X-ray diffraction (XRD) (Figure 6.3a-b). The pure ZIF-8 has a well-defined 
crystal structure [21, 29]. After carbonization of the raw ZIF-8 (Figure 6.3b), amorphous 
carbon peaks dominate the XRD patterns for both the ZnN-cZIF-8 and the UHS-cZIF-8. This 
observation is strongly supported by the HRTEM images shown in Figure 6.2e-f. The ZnN-
cZIF-8 XRD patterns show a broad peak at around 26.5°, which can be assigned to the (002) 
graphitic planes. This broad peak disappears after the KOH treatment to form the UHS-cZIF-
8 (Figure 6.3b) - suggesting the existence of more disordered carbon. This indicates that the 
graphitic structure of the ZnN-cZIF-8 is fully compromised after chemical etching and that the 
carbon is composed of a fully disordered structure [29]. The XRD of CNT-70 in references 
with the raw sulfur powder is shown in Figure 6.S7a.   The TGA analysis of the CNT-70 is 
presented in Figure 6.S7b, which shows 70 wt % loss after 300 °C. 
XPS was used to trace the elements in both the ZnN-cZIF-8 and the UHS-cZIF-8 
(Figure 6.3c). As expected, both Zn 2p and N 1s are observed in the ZnN-cZIF-8 samples, 
in addition with C 1s and O 1s peaks. After etching the Zn 2p peak is removed in the UHS-
cZIF-8, but a weak N 1s peak is still present. The atomic concentration (at.%) of the elements 
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determined by XPS is also presented in Table 6.S1. atomic concentrations of 64.43, 26.94, 
1.80 and 6.83 at. % for C, N, O and Zn, respectively. In comparison, the UHS-cZIF-8 shows 
atomic concentrations of 95.28, 0.93 and 3.81 % for C, N and O, respectively. The Zn should 
act as a Lewis acid site [17, 30], and the N should act as a polar site for PS chemisorption. 
The high-resolution scan of the Zn 2p spectra (Figure 6.3d) in the ZnN-cZIF-8 confirms the 
presence of two prominent peaks centred with a binding energy of 1021.2 eV and 1024.3 eV, 
indicating Zn 2p3/2 and Zn 2p1/2, respectively. The Zn 2p3/2 electron binding energy is typical 
of chalcogenide lattices [31]. The high-resolution spectra of N 1s (Figure 6.3e) shows three 
different types of N doping as pyridinic, pyrolic and graphitic at 399.1, 400.0, and 401.8 eV, 
respectively. In the N 1s, the presence of the first two N types is dominant, which are 
significant in forming SxLi...N interactions through the N lone-pair electrons [32]. The high-
resolution C 1s of UHS-cZIF-8 shows typical carbon binding of C-C (285.9 eV), C-O (287.2 
eV), C=O (288.7) and π-π* (290.2). The carbon and oxygen high resolution peaks for ZnN-
cZIF-8 and UHS-cZIF-8 are shown in Figure 6.3g-i. 
 
 
Figure 6.3. (a) XRD patterns of ZIF-8 polyhedron. (b) XRD patterns of ZnN-cZIF-8 and UHS-
cZIF-8. (c) XPS wide scan spectra of ZnN-cZIF-8 and UHS-cZIF-8. (d) and (e) high resolution 
159 
 
scans of Zn 2p, N 1s of ZnN-cZIF-8, respectively and (f) C1s for the UHS-cZIF-8. (g) & (h) 
Carbon and Oxygen peak fitting of ZnN-cZIF-8. (i) Oxygen peak fitting of UHS-cZIF-8.  
 
6.4.2 Electrochemical performance 
The electrochemical performance of the ZnN-cZIF-8 and UHS-cZIF-8 based 
separators are evaluated by their respective cycling performance and rate capability in LSBs 
(Figure 6.4a-b). The ZnN-cZIF-8 exhibits a superior electrochemical performance in 
comparison to UHS-cZIF-8 in terms of cycling stability and coulombic efficiency even at a 
high sulfur loading at 0.2 C (Figure 6.4a). The ZnN-cZIF-8 has an initial Cs of 929 mAh g-1 
and maintains a stable cycling behaviour with a degradation of 0.13 % per cycle after 200 
cycles with a 5.74 mg cm-2 sulfur loading. In comparison, the UHS-cZIF-8 shows a relatively 
low Cs (841 mAh g-1) with a higher degradation of 0.21 % per cycle with a 5.34 mg cm-2 sulfur 
loading.   
Figure 6.4d-e shows the first charge/discharge profiles at each C-rate in the rate 
performance test (Figure 6.4b).  These profiles show the two typical voltage plateaus, which 
correspond to the conversion of sulfur to the long-chain PS (Li2Sn,4≤n≤8) at around 2.4 V and 
the further reduction of the long-chain PS to short-chain PS at 2.1 V [22]. The potential 
difference between the charge/discharge profiles is an indication of the cell voltage loss and 
is plotted in Figure 6.4c as a function of C-rate for the both the ZnN-cZIF-8 and UHS-cZIF-8 
LSBs. A large voltage loss indicates sluggish electrochemical conversion kinetics [33]. 
Sluggish kinetics can occur if the PS host is unable to immobilize the PS effectively or if the 
conversion reaction kinetics are slow [33]. Slow kinetics may further lead to surface 
passivation by the solid PSs covering and passivating the electrode surface. This insulating 
layer hinders the transport of both ions and electrons, and prevents the full conversion of 
active material [34]. To overcome these slow kinetics in the LSB, a polar host with a high 
electrical conductivity will provide superior electron transfer and faster electrochemical 
kinetics. This in turn will inhibit PS diffusion and reduce the voltage loss losses [35]. Elemental 
metals such as cobalt (Co), nickel (Ni) and Zinc (Zn), are popular as a catalyst for various 
chemical reactions. Specifically, the occupation depth of the d-orbitals improves the catalytic 
activities [36, 37]. In our research, the presence of Zn and N in the ZnN-cZIF-8 decreases 
the voltage loss (Figure 6.4c) as compared to the UHS-cZIF-8.  
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To screen the suitability of the ZnN-cZIF-8 and the UHS-cZIF-8 in restricting PS 
diffusion, physical PS diffusion tests were conducted (Figure 6.S4). A small bottle containing 
a 0.5 M Li2S8 solution was separated from a larger bottle with 2 ml of the electrolyte solution. 
The small bottles were capped with the ZnN-cZIF-8 and UHS-cZIF-8 coated separators 
toward the 0.5 M Li2S8 solution to defend the PS diffusion into the 2 ml of the electrolyte 
solution. Both coated separators strongly defended PS diffusion for 6 hours. From then, the 
PS slowly started to diffuse into the electrolyte of the surrounding bottle.  At 36 hours the 
ZnN-cZIF-8 still shows strong defensive against PS diffusion, whereas the UHS-cZIF-8 
showed more PS diffusion.  
 
Figure 6.4. (a) Cycling performance of ZnN-cZIF-8 (S loading 5.74 mg cm-2) and UHS-cZIF-
8 with 5.34 mg cm-2 sulfur loading at 0.2 C. (b) Rate performance at 0.2, 0.5,1 and 2 C. (c) 
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Voltage loss between charge/discharge profiles shown in Figure 4d-e. (d-e) 
Charge/discharge profiles of ZnN-cZIF-8 and UHS-cZIF-8 at first cycle of 0.2, 0.5,1 and 2 C. 
6.4.3 Dynamic and static electrochemical characterizations 
The cycling voltammograms (CV) at 0.1, 0.2, 0.25, 0.3 and 0.4 mVs-1 for ZnN-cZIF-8 
and UHS-cZIF-8 are shown in Figure 6.5a&d, respectively. The location of the reduction and 
oxidation peaks changes as the scan rate is changed. The CV curves displays a two-step 
redox reaction during lithiation/de-lithiation of the sulfur. There are two distinct cathodic peaks 
(A and B) and one anodic peak (C). Cathodic peak A corresponds to the reduction of sulfur 
(S8) to high-order PSs (Li2S8/ Li2S4), which is equivalent to the first plateau observed in the 
discharge curves. Cathodic peak B, is ascribed to the reduction of these high-order PS to 
short-order PSs and ultimately Li2S2/ Li2S [38] [39] – this corresponds to the second plateau 
in the discharge curves. The anodic peak C represents the oxidation reaction from Li2S2/Li2S 
to Li2S8/S [40].  
Figure 6.5b&e shows the scan rate dependent redox process which linearly increases 
as the scan rate is increased from 0.1 to 0.4 C. The lithium ion diffusion (DLi+) values of A, B, 
and C were determined using the Randles-Sevick equation [41]. For the ZnN-cZIF-8 sample 
the DLi+ of the A, B, and C peaks are 1.10, 1.54, and 1.65 × 10-8 cm2 s-1 respectively. On the 
other hand, for the UHS-cZIF-8 LSB the DLi+ of the A, B and C peaks are 1.01, 1.44, and 
1.29 × 10-8 cm2 s-1, respectively. The experimental DLi+ values are close to the reference 
values reported in the literature (DLi+ = 2 × 10-8 to 9 × 10-9 cm2 s -1 ) [38, 39, 41] indicating an 
unimpaired Li-ion diffusion.  
The diffusion of PS in liquid electrolytes and their diffusion from the cathode to the 
anode during resting time is a common phenomenon in LSBs which is responsible for self-
discharge. To confirm the self-discharge behaviour, ZnN-cZIF-8 and UHS-cZIF-8 contained 
LSBs were held for five hours after the CV tests shown in Figure 6.5c&f, respectively. It 
indicates that the open circuit voltage (OCV) of the ZnN-cZIF-8 based separator is maintained 
at 2.4 V during five hour holding time whereas the voltage of the UHS-cZIF-8 decreased. This 
indicates that the shuttle effect of the ZnN-cZIF-8 is well maintained during holding at OCV 
which also strongly supports the PS diffusion tests (Figure 6.S4). 
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Figure 6.5. (a) and (d) CV curves for ZnN-cZIF-8 and UHS-cZIF-8 and their respective rate- 
dependent diffusion curves shown in Figure (b) and (e) followed by their OCV in (c) and (f).  
The galvanostatic intermittent titration technique (GITT)  is a powerful technique which 
indicates the electrochemical losses in the ZnN-cZIF-8 and UHS-cZIF-8 LSBs during different 
points of discharge as shown in Figure 6.6a&c. In these measurements, the LSBs were 
discharged at 0.2 C within a voltage window (Li+/Li) of 1.7-2.8 V. When the LSB reached set 
discharge voltages (2.1, 2.0, 1.9, 1.8 and 1.7 V), the discharge current was removed to rest 
for five hours during which the LSBs returned to OCV. The resting at these different discharge 
voltages were selected at the end of first voltage plateau and the second voltage plateau to 
understand the overpotential losses of the LSBs. The voltage shifts between the close circuit 
voltage (CCV) and OCV provides information of overpotential and ohmic (η+iR) losses in the 
LSBs [42].  
Both discharge curves (Figure 6.6a&c) exhibit two voltage plateaus, which are 
attributed to the conversions of S8 to high-order PS and Li2S2/Li2S at the end of discharge. 
Theoretically, the LSBs contributes 25 % (418 mAh g-1) and 75 % (1256 mAh g-1) of the 
theoretical Cs of 1675 mAh g-1 during the first and second voltage plateau, respectively. As 
is shown in Figure 6.6a, the ZnN-cZIF-8 introduces 315 mAh g-1 (75 % of 418 mAh g-1) during 
the first voltage plateau and 748 mAh g-1 (59 % of 1256 mAh g-1) during the second plateau. 
Contrary, the UHS-cZIF-8, produces 309 mAh g-1 (73 % of 418 mAh g-1) and 657 mAh g-1 
(46 % of 1256 mAh g-1) during first and second voltage plateau, respectively. Although both 
LSBs exhibit a similar CS during the first voltage plateau, the ZnN-cZIF-8 LSB shows a higher 
CS during the second plateau. This suggests that the ZnN-cZIF-8 LSB more effectively 
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reduces long-chain PS to short-chain PSs. At the end of the second plateau, the closed circuit 
voltage (CCV) for both LSBs rapidly decreases – which is due to the large overpotential 
associated with the conversion of solid Li2S2 to solid Li2S [43]. It is interesting to note that the 
OCV for the ZnN-cZIF-8 LSB at positions 2 – 5 remains constant whereas the OCV for the 
UHS-cZIF-8 at positions 2 – 5 rapidly decreases. This OCV decrease suggests that not only 
is the cathode composition changing due to PS reduction, but also the anode composition is 
becoming contaminated by the sulfur. This is a strong indication of a higher PS shuttle in the 
UHS-cZIF-8 in comparison to the ZnN-cZIF-8 LSB.  
 
 
Figure 6.6. (a) & (c) GITT plots at 2.1, 2.0, 1.9, 1.8 and 1.7 V for ZnN-cZIF-8 and UHS-cZIF-
8, respectively, with their respective EIS at different spots of GITT during the discharge time.  
Electrochemical impedance spectroscopy (EIS) was further synchronized at the OCV 
points of the GITT experiments. The EIS at 0, 1, 2 and 5 points of the GITT were captured to 
provide a deeper understanding of the origin of these electrochemical losses (Figure 6.6b&d). 
These points were selected to provide information on the processes occurring at the start of 
discharge (point 0), after the first voltage plateau (point 1) and after the second voltage 
plateau (point 2 & 5). The details of the ohmic (Rs), charge transfer (Qct) and Warburg (Ws) 
resistances of EIS measurements are shown in the Table S2.  For points 0 and 1, the EIS is 
dominated by a single semi-circle, which is associated with the electrochemical charge 
transfer process. For point 0, this would be the conversion of the S8 to high-order PSs. At 
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point 1, this would be the conversion of Li2S8 to Li2S4. For both LSBs the charge transfer at 
point 0 is larger than at point 1. This is due to the conversion of the solid S8 to the liquid PSs, 
which provides a larger resistance to conversion. In both cases, the resistances of Rs, Qct 
and Ws for the ZnN-cZIF-8 is smaller than the charge transfer resistance for the UHS-cZIF-
8. This observation is in well agreement with voltage loss observed in Figure 6.4a-b, where 
the voltage loss of UHS-cZIF-8 is much larger than the ZnN-cZIF-8.  
At the end of the second voltage plateau, from point 2 to point 5 there is an obvious 
increase in the voltage drop between the CCV and the OCV for both the ZnN-cZIF-8 and 
UHS-cZIF-8 LSBs. This indicates that the electrochemical processes are becoming more 
difficult due to the formation of solid PS (Li2S2 to Li2S). This is also supported by the EIS, 
where a change from a single charge transfer process to a more complicated double charge 
transfer process is observed with higher Qct (Table-S1). This charge transfer process is 
attributed to the formation of a nonconductive solid Li2S2/Li2S film. This is a main resistive 
step in the LSB which is responsible for a large overpotential loss. This is in well agreement 
with the study carried out by Yan et al. [44].  
 
6.4.4 Post processing analysis 
After completing a discharge cycle, the LSBs were dismantled in a glovebox and the 
LSB components such as cathode, anode, coated separator were characterised using XPS 
and SEM. The XPS survey of the cycled ZnN-cZIF-8 coating shows the presence of the same 
elements found in the powder samples in addition with the F, S and Li peaks (Figure 6.7a). 
The F could originate from the PVDF binder or the LiTFSI salt. The S and Li peaks are most 
likely from the PS formation on the surface of the coated separator after cycling. The S and 
Li peaks were further investigated to understand their bonding. The S 2p peaks at ~169.1, 
~164.3, ~163.7 and ~162.4 eV are assigned to the sulphate, S-S, C-S and Li2S species, 
respectively [45] (Figure 6.7b). The deconvolution of the Li 1s peak, confirms the presence 
of the Li2S at 56.5 eV. In addition, a small asymmetry is attributed to a Li-N bonding - which 
gives rise to a peak at 55.6 eV [24, 46] (Figure 6.7c). As discussed earlier, the pyridinic N 
serves as an electron donor and tends to bind the PS [47].  
The cross sections of ZnN-cZIF-8 and UHS-cZIF-8 were captured by SEM after LSB 
cycling (Figure 6.S5a-b) to understand the structural integrity of the coating. Both coating 
layers still adhere strongly onto the Celgard-2500 even after cycling. It indicates that both the 
ZnN-cZIF-8 and UHS-cZIF-8 coating layers are mechanically robust to maintain its inherent 
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shape. Figures 6.7e-f show the surface morphology of the cycled separators after discharge 
(at 0.2 C) for both ZnN-cZIF-8 (5.74 mg cm-2) and UHS-cZIF-8 (5.34 mg cm-2), respectively. 
No obvious surface modification is noticed from the cycled ZnN-cZIF-8 (Figures 6.7e), 
whereas the UHS-cZIF-8 appears to be coated with a film after the battery cycling (Figure 
6.7f).  
The uncycled and cycled cathodes of the ZnN-cZIF-8 and UHS-cZIF-8 LSBs are 
shown in the Figure 6.S6. Neither PS agglomeration nor dead sulfur are observed on the 
surface of the ZnN-cZIF-8 LSB cathode, indicating significant electrochemical conversion of 
PS during cycling. On the other hand, both dead sulfur (marked as red) and solid Li2S 
(marked as blue) are found on the surface of the UHS-cZIF-8 LSB cathode. This suggests a 
lack of electrochemical conversion of the active material in the UHS-cZIF-8 LSB.  
For rechargeable LSBs, a major degradation mechanism is associated with the Li 
anode reacting with the PS [48]. Figure 6.7d shows the morphology of the pristine Li metal 
anode before cycling. In comparison the cycled Li anode, after LSB operation, is shown in 
Figure 6.7g-h for ZnN-cZIF-8 and UHS-cZIF-8, respectively. The Li anode morphology has 
significantly changed after cycling. This surface degradation can be attributed to sulfur 
segregation, and subsequent cracking of this surface layer during cycling. In the presence of 
the ZnN-cZIF-8, the Li anode surface is smoother (Figure 6.7g). In comparison, the Li anode 
surface of the UHS-cZIF-8 LSB is more porous – suggesting severe corrosion during plating 
and depleting of Li+ (Figure 6.7h). Pan et al. suggests that this kind of corrosion is due to PS 
diffusion and the subsequent formation of large particle agglomeration [49]. Such corrosion 
easily forms dead lithium and causes cell failure.  
Further, from EDS analysis of the Li anode top surface, an increased S peak is 
observed in the UHS-cZIF-8 LSB in comparison with the ZnN-cZIF-8 LSB. This is a direct 
indication that the ZnN-cZIF-8 has an increased ability to mitigate PS diffusion in comparison 
with the UHS-cZIF-8 separator coating. This observation is also in well agreement with the 
stable OCV towards the end of discharge as shown in GITT experiments (Figure 6a&c), 
demonstrating the PS is migrated in the presence of ZnN-cZIF-8 coating layer. This 
observation is also well supported by Qie at el [50].   
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Figure 6.7. (a) XPS survey of ZnN-cZIF-8 coated separator after LSB cycling. (b) & (c) high 
resolution scan of S 2p and Li 1s after battery cycling for ZnN-cZIF-8. (d) SEM image of 
uncycled Li anode. (e) ZnN-cZIF-8 and (f) UHS-cZIF-8 after LSB cycling are shown with their 
respective EDS elemental analysis. (g, h) Surface topography of the cycled Li anode for ZnN-
cZIF-8 and UHS-cZIF-8. 
The two carbonized ZIF-8 MOF designed and tested both exhibit a superior 
electrochemical performance in comparison to the pristine ZIF-8 and other carbonized ZIF-8 
based LSBs as shown in Table 6.S3. The ZnN-cZIF-8 outperforms the UHS-cZIF-8 leading 
to an improved coulombic efficiency and cycling stability at high sulfur loadings. The high 
surface area of the UHS-cZIF-8 is helpful in encapsulating the PS and reducing volume 
expansion during cycling. However, the lower surface area ZnN-cZIF-8 outperforms the UHS-
cZIF-8 in both Cs and degradation. The improved performance of the ZnN-cZIF-8 is attributed 
to the increased binding energy between the PS and the Zn and N surface dopants, in 
comparison to the pure carbon materials of the UHS-cZIF-8 (0.1-0.7eV). In addition, the more 
open pore size of the UHS-cZIF-8 in comparison with the ZnN-cZIF-8, means the PS (~2 nm) 
are not effectively physically trapped. Finally, the Zn and N doping also promotes electronic 
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conductivity which increases the separator in-plane conductivity. This improves current 
density distribution leading to a higher sulfur utilization and improved electrokinetics. 
Benefiting from the abovementioned material architecture, the highest performance LSBs 
has been achieved though the ZnN-cZIF-8 coating. 
6.5. Conclusion 
In summary, we have successfully designed ZnN-cZIF-8 and UHS-cZIF-8 materials 
with distinct properties to implement for separators modifications in LSBs. Especially, the 
ZnN-cZIF-8 shows multiple advantages and UHS-cZIF-8 shows the impact of ultra-high 
surface area to physically confine the PS. The ZnN-cZIF-8 outperforms the UHS-cZIF-8 due 
to the unique combination of both functional groups and fine pore size. The fine pore size 
physically blocks PS diffusion, whereas the functional groups provide chemisorption sites. 
Moreover, the functional groups also work as electrocatalysts to promote the reaction kinetics 
to improve sulfur utilization. ZnN-cZIF-8 introduced an initial Cs of 929 mAh g-1 and a 
retention Cs of 680 mAh g-1 after 200 cycles with a high sulfur loading of 5.74 mg cm-2 at 0.2 
C. The better cycling performance of the ZnN-cZIF-8 LSB is attributed to the dual role of the 
micropores in addition to the two chemisorption sites which effectively enhance the charge 
storage performance in the LSB over UHS-cZIF-8. 
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6.6 Supporting information 
 
 
Figure 6.S1. SEM images of (a) Raw ZIF-8, (b) ZnN-cZIF-8 and (c) UHS-cZIF-8. (d) Celgard-
2500, (e) ZnN-cZIF-8 coated Celgard-2500 and (f) UHS-cZIF-8 coated Celgard-2500.  
 
Figure 6.S2. Photographs of (a-b) ZnN-cZIF-8 coated Celgard-2500. (c) UHS-cZIF-8 coated 
Celgard-2500. 
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Figure 6.S3. (a, c) N2 adsorption-desorption isotherms and (b, d) NLDFT pore size 
distribution curves for (a, b) ZnN-cZIF-8 and (c, d) UHS-cZIF-8, respectively.  
 
Figure 6.S4. PS diffusion tests for ZnN-cZIF-8 and UHS-cZIF-8 coated Celgard-2500. 
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Figure 6.S5. SEM images of (a) ZnN-cZIF-8 and (b) UHS-cZIF-8 after LSB cycling. 
 
 
Figure 6.S6. (a-b) Low and high magnified SEM images of uncycled CNT-70 electrode for 
ZnN-cZIF-8 and UHS-cZIF-8 based LSBs, respectively. (c-d) SEM images of cycled CNT-70 
electrodes for ZnN-cZIF-8 and UHS-cZIF-8 based LSBs, respectively. 
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Figure 6.S7. (a) XRD of CNT-70 and Sulfur powder. (b) TGA analysis of the CNT-70 which 
shows 70 wt % loss after 300 °C. 
Table-6.S1: The comparison of relative compositional ratios (C, N, O, Zn) for ZnN-cZIF-8 
and UHS-cZIF-8. 
At. (%) C (at. %) N (at. %) O (at. %) Zn (at. %) 
ZnN-cZIF-8 64.43 26.94 1.80 6.83 
UHS-cZIF-8 95.18 0.93 3.81 0 
 
Table 6.S2: The ohmic resistance (Rs), charge transfer resistance (Qct) and Warburg 
resistance (Ws) for ZnN-cZIF-8 and UHS-cZIF-8. 
Resistance 
(ohm) 
ZnN-cZIF-8  UHS-cZIF-8 
0 1 2 5 0 1 2 5 
Rs 1.8 2.6 3.8 4.0 2.7 3.4 3.8 4.1 
Rct  51.2 39.3 61.2 69.6  93.1 55.6 59.2 77.8  
Ws  1.0 3.6 36.3 24.8 11.0 2.5 6.5 31.0 
 
Table 6.S3: The comparison of the performances of ZnN-cZIF-8 with previously reported 
related materials.  
LSB 
applicati
on 
Material
s 
Sulfur 
(wt. 
%) 
Sulfur 
loading 
(mg cm-2) 
C-rate 
Initial 
capacity 
(mAh g-
1) 
Fading 
at  
cycles 
Areal 
capacity 
after 
100 
cycles 
E/S 
(µL) 
Ref 
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Separat
ors 
coating 
 
ZIF-8 
derived 
N doped 
carbon 
70 
5.74 
(0.2 C) 
 
929 
 
0.15/1
00 5.33 6 µL /mg 
This 
wor
ks 
Separat
ors 
coating 
ZIF-
8/CNTs 
 
70 1 (0.25 C)  1025 
0.45/1
00 1.02 n/a [1] 
Cathode ZIF-8 30 n/a - - - 60 µL /cell [2] 
Cathode ZIF-
8/CNTs 70 
1 
(0.2 C) 
 
1209 1/50 1.20 50 µL /mg 
[3] 
Cathode ZIF-8-
NS-C 70 
2 
(0.2 C) 1226 
0.34/1
00 2.45 
10 µL 
/mg 
[4] 
Cathode ZIF-8 
 30 n/a - - - n/a 
[5] 
Cathode ZIF-8 
carbon 65 
0.8 
(n/a) 1500 
0.46/1
00 1.20 
200 µL 
/cell 
[6] 
Cathode 
ZIF-
8/graph
ene 
64 2.4 1314 (0.1 C) 
0.42/1
00 3.15 
30 µL 
/cell 
[7] 
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7.1 Abstract 
Metal-organic frameworks (MOFs) have several attractive features for energy 
applications including tunable pore sizes, highly ordered structures and versatile chemical 
reactivity. Here, we show the antiferroelectric perovskite dimethylammonium zinc formate 
(DMAZF) MOF [(CH3)2NH2] Zn (HCO2)3 as an effective molecular sieve to block polysulfide 
(PS) diffusion in lithium-sulfur batteries (LSBs) when combined with conductive carbon 
nanotubes (CNTs). The DMAZF was selected due to both its nanopore structure (1.5 to 5 nm) 
and catalytic effect having the presence of conductive Zn metal. The nanopores and metals 
show the importance of physical separation, chemical interactions with PS in addition with 
catalytic effect to promote the electrochemical acceleration. Hybrid DMAZF/CNTs/sulfur 
electrode with 5 mg cm-2 sulfur loading is shown to deliver an initial high specific capacity of 
1260 mAh g-1 at 0.05 C and 1007 mAh g-1 at 0.1 C with the degradation of only 0.07 % after 
120 cycles. Even at 7 mg cm-2 sulfur loading, the electrode performance decreases only 0.12 % 
per cycle even after 500 cycles at 0.5 C.  
7.2 Introduction 
Lithium-sulfur batteries (LSBs) promise both a high theoretical specific capacity of 
sulfur (1675 mAh g-1) and gravimetric energy density (2600 Wh kg-1) as compared to other 
energy storage alternatives [1-3]. Apart from this, the environmental friendliness, low cost 
and natural abundance of sulfur is pushing LSBs research into the limelight [4, 5]. The 
development of  LSBs, has a number of intrinsic challenges including the insulating nature of 
sulfur (5 × 10-30 S cm-1 at 25 °C) and its volume expansion during cycling [6]. More 
prominently, the well-known shuttle effect, caused by the diffusion of soluble polysulfides (PS) 
from the cathode to the anode during charging/discharging, leads to fast capacity loss. In 
addition, sluggish sulfur redox reactions further render large overpotential losses [3, 7] which 
limits the LSBs performance. The aforementioned limitations of LSBs simultaneously lead to 
limited sulfur utilization, rapid capacity fading leading to short life cycles [8, 9]. Hence, the 
development of LSBs technology requires suitable high-performance electrode materials.  
Recently, the electronically conductive porous materials and the physical confinement 
of sulfur within their high surface scaffold have been widely employed to achieve high-
performance LSBs [10, 11]. However, the ability of physical adsorption of PS inside non-polar 
porous carbon due to the van der Waals interaction is often weak (0.1-0.7 eV) [12-14]. 
Materials that provide strong and abundant binding sites in combination with good electron 
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and ion pathways are demonstrated to be more suitable as cathode hosts for high capacity 
and stable LSBs [15-25].  The catalytic activity of these functionalized host materials 
significantly promote the PS conversion in LSBs [26-29]. MOFs represent a class of porous 
materials, composed of metal ions and organic ligands are also suitable candidates to meet 
the needs of next-generation energy storage technologies [30-32]. MOFs have also been 
used for LSB research due to their high porosity, large specific surface area, tunable porosity 
and versatile functionality affording both catalytic and chemical interactions to retard PS 
diffusion [33-35]. Zhow et al. [36] have shown the significance of conductive MOF channels 
to confirm the access of  Li+ and electron to sulfur for successive reactivation during cycling. 
Li et al. [37] introduced a systematic comparison of the different pore sizes of Y-FTZB, ZIF-
7, ZIF-8, and HKUST-1 to mitigate the PS diffusion and achieved stable performance from 
LSB.  Bai et al.[38] demonstrated MOF-based separator as an effective ionic sieve to 
efficiently suppress the undesired PS migrating to the anode side. Xu et al. [39] have shown 
how MOFs need to be designed to facilitate Lewis acid-base interaction with the PS. They 
propose that Lewis-acid metallic centers such as Zn, Mn, Fe, Co, Ni and Cu are inclined to 
coordinate with soluble PS anions as axial ligand and can effectively trap the soluble PS 
within the cathode [30, 34]. Basically, the Lewis Acidic metal center is inclined to coordinate 
with soluble PS anion through Lewis acidic interactions. Zheng et al.[30] has established a 
very good example of Lewis Acid interactions between metal organic frameworks and PS.  
As such, MOFs provide a wide range of opportunities to alleviate the PS shuttle through both 
physical and chemical interactions to immobilize the PS. This further can enhance the 
electrochemical kinetics and uniform nucleation of solid discharge products [27]. Xu et al. 
have investigated that the ZnS shows faster diffusion rate of Li+ promoting the polysulfides 
redox reaction between Li ion and sulfur species. Want et al. has demonstrated that the single 
atomic cobalt significantly accelerate the lithium ion diffusion in LSBs [40]. Therefore, the 
ideal PS host needs to have highly conductive metals with suitable pores for fast Li+ 
transportation, and adsorptive capacity of PS [41]. 
Herein, we report the use of the antiferroelectric perovskite DMAZF MOF with 
conductive Zn metal and tuned pores as an effective sulfur host for high-performance LSBs. 
This carefully selected network has many advantages to enable high-performance LSBs. 
Firstly, the nanoporous structure can act as a physical trap and a molecular sieve blocking 
the PS diffusion – permitting Li+ diffusion (Figure 7.1d) [42, 43]. Secondly, the electrolyte can 
be soaked into the pore structure of these MOFs, which can maintain the Li+ conduction at 
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low E/S.  Thirdly, enhance the electrochemical kinetics of nucleated PS with metal center due 
to the catalytic effect of Lewis acid Zn metal [27, 44]. The newly developed DMAZF MOF 
exhibited excellent electrocatalytic activities for LSBs supported by conductive CNTs. The 
DMAZF/CNTs/sulfur cathode shows a high specific capacity of 1260 mAh g-1 at 0.05 C and 
1007 mAh g-1 at 0.1 C with a retention capacity of 913 mAh g-1 after 120 cycles at 5 mg cm-2 
sulfur loading with a fading of 0.07 % per cycle. Even at 7 mg cm-2 sulfur loading, the cathode 
initiates a fading of 0.12 % per cycle even after 500 cycles at 0.5 C rate.  
 
Figure 7.1. The representation of the crystal structure of the network DMAZF where (a) 
crystal structure packing. (b) The network window size to access the void space. (c) metal 
node showing the coordination of carbon and oxygen with Zn. (d) Illustrates the mechanism 
of PS mitigation process and access of Li+ through nano-pores. 
7.3 Experimental  
7.3.1 Materials preparation 
7.3.1.1 Preparation of DMAZF 
Formic acid (2.0 g, 44 mmol) was added to a solution of zinc nitrate hexahydrate (6.6 
g, 22 mmol) in 50 mL dimethylformamide (DMF). The mixture placed in a Teflon sealed vessel 
and was heated slowly to 120 °C at a rate of 5 °C per hour, the temperature was held at 
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120 °C for 72 hours before was allowed to reach room temperature during 24 hours to 
produce colourless crystals suitable (4.4 g, yield 64 %). The dimethylammonium is a guest 
molecule incapsulated in the network void space which forms from the solvent DMF 
decomposition. This was confirmed by solving and refining the crystal structure data. This 
guest molecule dimethylammonium was removed during the product activation prior to the 
application study. The activation process involved washing the product several times with 
DMF, water, methanol and then with acetone followed by drying the product under high 
vacuum for 24 hours. The solid was then washed several times with DMF, water, methanol 
and then with acetone followed by drying the product under high vacuum for 24 hours. 
Elemental analysis calculated for Zn2 (HCOO) 4: C = 15.66, H = 1.3%; found C = 15.34, H = 
1.32%. 
7.3.1.2 Pyrolysis of UIO-66 and Br-UIO-66.  
The UIO-66 (Zr6O4(OH)4) [45] and the modified Br-UIO-66 [46] were prepared by 
following previously reported procedures and the PXRD data match the reported data. The 
prepared networks were washed several times with DMF, water, methanol and then with 
acetone followed by drying the product under high vacuum for 24 hours before they were 
used.  
7.3.1.3 Preparation of Sulfur Electrode and Electrolyte. 
To prepare the cathode, the DMAZF, UIO-66 and Br-UIO-66 were composited with the 
CNTs at a ratio of 3:2. Subsequently, each of these materials was mixed with 70 wt % sulfur 
to prepare DMAZF/CNTs/Sulfur, UIO-66 /CNTs/Sulfur and Br-UIO-66 /CNTs/sulfur through 
the infiltration process at 155 ° C. The UIO-66 and Br-UIO-66 without and with Br metal have 
been selected with larger pore diameter to compare with the DMAZF.  
The 80 wt % of each of these composited were mixed, respectively, with 10 wt % of 
conductive Super P and 10 wt % of PVDF for electrodes preparation followed by slurry 
coating doctor blade process on the carbon coated aluminum foil. The sulfur cathode was cut 
into a circular pellet with a diameter of 10 mm.  
The electrolyte solution was prepared using a 1, 3 dioxolane (DOL) and 1, 2 
dimethoxymethane (DME) at the volumetric ratio of 1:1, 1 M lithium bis (trifluoromethane 
sulfonyl) imide (LiTFSI) and 0.1M LiNO3. The electrolyte was prepared inside a glovebox, 
supplied with Ar, with O2 and H2O levels below 0.1 ppm to avoid air and moisture 
contamination. 
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7.3.1.4 Battery Assembly 
The LSBs were fabricated under H2O and O2 pressure at 0.1 ppm condition inside an 
Ar-filled glove box. A lean electrolyte/sulfur ratio of 6 µL/mg was considered to assemble the 
LSBs. A hydraulic crimping machine (MSK-110 Crimper) was used to seal the LSBs for 
electrochemical testing.  
7.3.1.5 Electrochemical Measurements 
The LAND system was used to acquire the electrochemical performance of LSBs 
within a voltage window of 1.7-2.8 V (Li/Li+). The Biologic VSP also was used to capture the 
CV profiles of the inactivated and activated cells at 0.15, 0.20, 0.25, 0.3 mV s-1, respectively. 
7.3.1.6 Characterization tools 
 The morphology and structure of the inactivated and activated samples were 
characterized using a Field emission Transmission electron microscopy (FE-TEM F20) and 
a scanning electron microscope (SEM) (SU-3500) is equipped with an Oxford X-MAXN 
energy-dispersive X-ray spectroscopy (EDS) detector. XPS survey data was acquired using 
a Kratos Axis ULTRA X-ray Photoelectron Spectrometer incorporating a 165 mm 
hemispherical electron energy analyzer. The incident radiation was monochromatic Al Kα X-
rays (1486.6 eV) at 150 W (15 kV, 10 mA). Survey (wide) scans were taken at an analyzer 
pass energy of 160 eV and multiplex (narrow) high-resolution scans at 20 eV. Survey scans 
were carried out over 1200-0 eV binding energy range with 1.0 eV steps and a dwell time of 
100 ms. Narrow high-resolution scans were run with 0.05 eV steps and at a dwell time of 250 
ms. Base pressure in the analysis chamber was 1.0 x10-9 torr and during sample analysis 1.0 
x 10-8 torr. Atomic concentrations were calculated using the CasaXPS version 2.3.14 
software and a Shirley baseline with Kratos library Relative Sensitivity Factors (RSFs). Peak 
fitting of the high-resolution data was also carried out using the CasaXPS software. N2 
adsorption-desorption isotherms were measured using a Tristar II (Micromeritics Vac prep-
061). The surface area and pore size distribution of the samples were measured by the 
Brunauer-Emmett-Teller (BET) method and Non-Local Density Functional Theory (NLDFT) 
methods, respectively. Thermal gravimetric analysis (Perkin Elmer, Diamond TG) (TGA) for 
CNT-70 was performed in a nitrogen atmosphere to measure wt % mass loss at a heating 
rate of 10°C min-1 till 800 °C. The XRD (X-Ray Diffraction) of samples were analyzed on a 
Bruker D8 Advance Powder X-Ray Diffractometer equipped with a Cu source, operated at 
40kV and 40mA, and energy discriminating 2D array detector that minimizes a fluorescent 
background. Data were collected using a Bragg-Brentano geometry with a 0.12-degree 
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divergence slit from 5 degrees to 80 degrees two-theta at a resolution of 0.02 degree and at 
1.2 second per step 
7.4 Results and Discussion 
DMAZF is formed by the reaction of formic acid with zinc nitrate hexahydrate. The 
single-crystal 3D network DMAZF is shown in Figure 7.1a&c. The octahedral ZnII coordinates 
to six bridging formate ligands to form a cube-like 3D framework. DMAZF encapsulates a 
void space of 21% of the unit cell (545.26 Å3) occupied by dimethylammonium (DMA) cations 
which is accessible via window size of approximately 6 Å (Figure 7.1b). This window size is 
even less than the reported HKUST-1 MOF by Bai et al. [38] This type of network can as 
such act as a molecular sieve - blocking PS diffusion while permitting the Li+ diffusion (Figure 
7.1d).   
 
Figure 7.2. (a) SEM images of DMAZF, shows a bundle of layers with porous structure. (b) 
HRTEM image of DMAZF samples shows randomly interconnected nanoporous oriented 
structures. (c) HRTEM image of DMAZF/Sulfur/CNTs composite. (d-h) raw STEM image with 
the mapping for Carbon, Oxygen, Zinc, and sulfur. (i) Powder x-ray diffraction pattern for 
DMAZF raw materials in comparison with the DMAZF/CNTs/Sulfur composite.  
The morphology of DMAZF is characterized by scanning electron (SEM) and 
transmission electron microscopy (TEM) as shown in Figure 7.2. The SEM morphology 
shows a layered structure with pores sizes ranging from around 100 nm to 1 µm in size 
(Figure 7.2a). The surface morphology of UIO-66 and Br-UIO-66 is compared in Figure 7.S1. 
The TEM image of DMAZF shows the combination of both large and small scale nanopores 
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(Figure 7.2b). These nanopores are randomly oriented and interconnected which make them 
approximately within 1.5-5 nm in diameter. However, after the heat treatment of DMAZF with 
the CNTs/Sulfur at 150° C, the sulfur is melted and impregnated inside the nanopores, which 
cover the pores (Figure 7.2c). The sulfur melted inside these pores will get easy access of 
Li+ and electron during cycling of LSBs. The STEM Energy-dispersive X-ray spectroscopy 
(EDS) mapping of the DMAZF/Sulfur/CNTs are introduced in Figure 7.2d-h, where, the 
distribution of carbon, Oxygen, Zinc, and sulfur can be visualized. The experimental powder 
X-ray diffraction (PXRD) of the raw DMAZF with the DMAZF/CNTs/Sulfur is shown in Figure 
7.2i. The most prominent peak for the raw DMAZF is corresponding to the (112) plane. The 
intensity of the 112 crystal peak is further reduced in the PXRD of DMAZF/CNTs/Sulfur, which 
is consistent with the TEM image shown in Figure 7.2b. Brunauer–Emmett–Teller (BET) 
tests show the surface areas of Br-UIO-66 and DMAZF are 230.10 m2 g-1 (pore volume-0.161 
cm3 g-1) and 29.15 m2 g-1 (pore volume-0.275 cm3 g-1), respectively (Figure 7.S2a-b). The 
DMAZF shows pore distribution below 5 nm, whereas the Br-UIO-66 shows larger pores 
(Figure 7. S2c-d).  
To trace the elemental composition of DMAZF and Br-UIO-66, the XPS analysis was 
performed and shown in Figure 7.3a. The presence of Zn 2p, O 1s and C 1s are found in the 
DMAZF. On the other hand, the Br-UIO-66 shows the presence of Zr 3d, Br 3d, O 1s and C 
1s. It is noteworthy to highlight here that metals such as Zn, Zr and Br acts as Lewis-Acid 
sites and electrocatalysts to accelerate the PS redox reaction [30]. Moreover, implanting of 
these metals within the skeleton of mesoporous carbon simultaneously improves the 
interaction with PS and maintains the mesoporous structure [47]. In the high-resolution XPS 
spectrum of Zn 2p, Zr 3d and Br 3d are deconvoluted and shown in Figure 7.3b-d. The high-
resolution XPS Zn 2p spectra confirm the presence of prominent peaks centered at a binding 
energy of ~1021.0 eV - indicating Zn 2p3/2 (Figure 7.3b) [48].  Four peaks are used to fit the 
high-resolution spectra of Zr 3d and Br 3d shown in Figure 7.3c-d. As can be seen from Zr 
3d, the peaks at ~181.0 eV, ~182.5 eV, ~183.6 eV and ~184.9 eV can be attributed to the Zr 
3d5/2, Zr 3d5/2, Zr 3d3/2 and Zr 3d3/2, respectively [49]. On the other hand, the peaks at 
~68.3 eV, ~70.5 eV, ~69.6 eV and ~71.5 eV can be attributed to the Br 3d5/2, Br 3d5/2, Br 
3d3/2 and Br 3d3/2, respectively [50]. It is worth to highlight that these metals are beneficial 
to capturing PS and enhancing the rate of chemical conversion due to their catalytic activity 
[27].  
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Figure 7.3. (a) XPS survey of DMAZF (red) and Br-UIO-66 (black). (b) high-resolution scan 
of Zn 2p of DMAZF and (c-d) Br 2P and Zr 2p, respectively, from Br-UIO-66. (e) Cyclic 
voltagrams at different C-rate for DMAZF/CNTs/Sulfur electrode-based LSBs and its rate-
dependentt diffusion curves shown in (f). 
Figure 7.3e shows the CV curves of DMAZF/CNTs/Sulfur electrode contained LSBs 
at different scans of 0.15, 0.2, 0.25 and 0.3 mV s-1, respectively. In all these scans, two-step 
redox peaks (A and B) are observed during the lithiation/delithiaton processes of sulfur and 
a continuous oxidization peak (C). The two reduction peaks (A and B) correspond to the two 
discharge plateaus, which result from the transformation processes from S to Li2Sx (x = 4–8) 
and Li2S4 to Li2S2/Li2S, respectively. The oxidation peak (C) implies to the transformation of 
Li2S2/Li2S to Li2S8/S [51].  Further, the Li-ion diffusion coefficient (DLi+) were calculated based 
on the Randles–Sevick equation in conjunction with the CV curves at different scan rates. 
The DLi+ values of A, B, and C peaks are, 0.5, 1.07 and 1.49 × 10-7 cm2 s-1, respectively. The 
experimental DLi+ values are comparatively larger than the reference values reported in the 
literature [51-53]. Clearly, the DMAZF/CNTs/Sulfur electrode exhibits much faster diffusion 
and reaction kinetics which is beneficial for improving the lithium-ion diffusion efficiency and 
facilitates the energy conversion based on sulfur redox reactions for enhancing the 
electrochemical performances of lithium storage [51, 52, 54]. 
In this research, the DMAZF is introduced for the first time in LSBs systems. Hence, 
authors have selected two different MOFs as UIO-66 and Br-UIO-66 to compare with the 
DMAZF with the similar experimental conditions. The electrochemical performance of the 
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DMAZF as a molecular sieve was compared to UIO-66 [45] and Br-UIO-66 [46]. The DMAZF 
has microspores (Figure S2c) whereas Br-UIO-66 has mesopores (Figure S2d). The aim is 
to understand the impact of DMAZF with micropores and Zn metal over Br with micropores 
to physically and chemically confine the PS in lithium sulfur battery. The superiority of DMAZF 
in comparison to the existing MOFs with their electrochemical performances could be found 
in Table S1 and in the review article [11]. 
 Before testing the battery cycling performances, the active sulfur was impregnated 
into the porous medium of 3:2 ratios hybrids of DMAZF/CNTs, Br-UIO-66/CNTs and UIO-
66/CNTs by a typical melt-diffusion process [55] at 155 °C to obtain the DMAZF/Sulfur/CNTs, 
Br-UIO-66/Sulfur/CNTs and UIO-66/Sulfur/CNTs, respectively. The thermogravimetric 
analysis (TGA) curves of DMAZF/CNTs/Sulfur and Br-UIO-66/CNTs/Sulfur samples are 
shown in the supporting information with their respective SEM images (Figure 7S3 and 7.S4). 
It can be noted that both raw DMAZF and Br-UIO-66 losses some weight around at 155° C, 
however, in the presences of CNTs/Sulfur the structure become stable with no weight loss 
found at 155° C. The details of the electrode preparation process are given in the 
experimental section (Supporting information).  
The corresponding electrochemical performances of these three different host 
materials are shown in Figure 7.4a. Here the measurements show that both the 
DMAZF/Sulfur/CNTs cathodes can provide much higher electrochemical performance as 
compared to Br-UIO-66 and UIO-66 assisted sulfur cathodes.  The DMAZF/Sulfur/CNTs 
delivered a remarkable capacity of 1260 mAh g-1 at 0.05 C and 5 mg cm-2 sulfur loading. At 
the similar sulfur loading, it initiates 1007 mAh g-1 with a fading of 0.07 % per cycle after 120 
cycles at 0.1 C. On the other hand, at 0.1 C, the Br-UIO-66/Sulfur/CNTs and UIO-
66/Sulfur/CNTs electrodes exhibits 927 mAh g-1 and 801 mAh g-1, respectively, with a fading 
of 0.31 % and 0.20 % per cycle after 100 cycles at 4.90 mg cm-2 and 4.80 mg cm-2 sulfur 
loading. These degradations are significantly higher in comparison to DMAZF/Sulfur/CNTs 
cathode. The DMAZF/Sulfur/CNTs electrode is further operated at 7 mg cm-2 sulfur loading 
at 0.5 C, leading the smooth cycling performance to 500 cycles with a fading of 0.12 %/cycle 
after 500 cycles. It has been found that the nanopore channels of DMAZF are considerably 
lower as compared to the Li2S crystals growth after 118 s observed in in-situ experiments by 
Hwa et al. [56] Hence, the low fading of DMAZF/Sulfur/CNTs electrode can be strongly 
attributed to the nano pore channels and Lewis Acid-base interactions with PS. The 
successful strategy of nanopores and lewis acid sites provide advantages for LSBs in aspects 
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as (i) ensures faster Li+ conduction at a low E/S ratio. (ii) Immobilizing the PS by randomly 
oriented nanopores and suppressing the “shuttle effect. (iii) Enhancing the electrochemical 
kinetics of PS due to the catalytic effect of Lewis acid Zn metal. (iv) Assisting fast and uniform 
nucleation of solid discharge products.  
 
Figure 7.4. (a) Cycling performance of DMAZF/Sulfur/CNTs, Br-UIO-66/Sulfur/CNTs, and 
UIO-66/Sulfur/CNTs. (b) long-run cycling performance of DMAZF/Sulfur/CNTs at high sulfur 
loading. (c) rate performance of DMAZF/Sulfur/CNTs and its charge/discharge profiles shown 
in (d).  
The rate capability of DMAZF/Sulfur/CNTs cathode is evaluated under different C-
rates (0.1 C to 1 C) are shown in Figure 7.4c and their charge/discharge profiles at the initial 
cycle of these different C-rates are presented in Figure 7.4d.  The initial reversible specific 
capacities at these C-rates are 1006, 801, 752, and 630 mAh g-1, respectively. At initial cycle, 
the  low Coulombic efficiency is observed which typically occurs owing to loss of electrons 
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and ion by side reactions. A secondary reason could be the losses due to the polarization, 
which depends on the passage of load current through the electrodes while accompanying 
the electrochemical reactions [14, 57, 58]. As the C-rate increases, the specific capacity 
decreases and the voltage loses increase. The increase in voltage loss indicates sluggish 
conversion kinetics over the cycling process. This, in turn, makes it difficult to covert all of the 
active material – which in turn decreases the specific capacity. The average voltage losses 
between charge/discharge curves at the initial cycle of each C-rates (0.1 C to 1 C) are found 
to be 168 mV, 204 mV, 277 mV and 386 mV. These voltage losses are relatively higher in 
comparison to the existing MOFs studies could be found in [36, 37, 59]. The high current 
density for lithiation and delithiation of sulfur electrodes as such becomes challenging as 
sulfur loading increases. As a result, once current density increases to 1 C, the galvanostatic 
charge/discharge profiles of DMAZF electrode exhibits larger voltage loss.  
The surface morphology of cycled DMAZF and Br-UIO-66 based cathodes are 
presented in Figure S6, where the Br-UIO-66 based cathode shows structural deformation 
after the battery cycling. It indicates that the DMAZF is more capable to maintain the structural 
integrity to produce stable cycling performance. Further, to monitor that cathode is effective 
in trapping PSs is by observing the Li anode for obvious signs of degradation. To reveal the 
anode surface changes, the DMAZF, Br-UIO-66, and UIO-66 contained LSBs are pulled apart 
inside the glovebox and the anodes are investigated by the SEM and EDS analysis. Figure 
7.5b-d shows the surface topography of the three different anodes in comparison to the 
uncycled Li anode (Figure 7.5a). The cycled anodes (Figure 5c&d) show a significant surface 
modification as compared to the (Figure 5b) due to the stripping and plating of Li+ as 
compared to the uncycled Li anode. The significant morphological changes also are noticed 
clearly on the Li anodes of Br-UIO-66 and UIO-66, while DMAZF Li anode remains intact and 
comparatively smooth. This further indicates that the DMAZF is capable to defend the PS 
diffusion than Br-UIO-66 and UIO-66. The anodic observation is in good agreement with the 
PS absorption tests shown in Figure 7.S5. A small bottle containing a 0.5 M Li2S8 solution 
was mixed respectively with 40 mg of DMAZF, Br-UIO-66 and UIO-66 and wait to observe 
the test upto three days. The resultant solution turns out to be in light yellow for Br-UIO-66 
and UIO-66 whereas DMAZF residue is crystal indicating significant PS adsorption ability. 
Here, the DMAZF immediately absorbs the PS whereas the UIO-66 and Br-UIO-66 take a 
considerable amount of time. The respective cycling performances (Figure 7.4a-b) are also 
agreed well with the cycled Li anode presented in Figure 7.5b-d. The DMAZF serves as an 
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effective protective barrier of PS shuttle due to their nanoporous and Lewis Acid-base and 
polar-polar interactive nature leading to high-performance LSBs.  
 
Figure 7.5. (a) Uncycled anode. Cycled anode in the presence of (b) DMAZF/CNTs/Sulfur 
electrode, (c) Br-UIO-66/CNTs/Sulfur electrode and (d) UIO-66/CNTs/Sulfur electrode.  
7.5. Conclusion 
In summary, a newly developed nanoporous structure with the electrocatalytic and 
chemically interactive elements contained DMAZF MOF was first reported for high sulfur 
content LSB, demonstrating stable electrochemical performance at high sulfur loading. The 
DMAZF significantly facilitates the Li+ through its nanopore structures. Furthermore, together 
with the impact of lewis acidic interactions, the DMAZF/CNTs/Sulfur electrodes deliver 
degradation of 0.07 % per cycle at 0.1 C and 5 mg cm-2 sulfur loading. Even with the high 
sulfur loading of 7 mg cm-2 the DMAZF contained LSBs provide an opportunity to achieve 
500 cycles, indicating a promising prospect for designing LSBs with a thick electrode for next-
generation energy storage devices. 
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7.6 Supporting information 
 
 
Figure 7.S1. Shows surface morphology of UI-66 and Br-UIO-66 MOFs. 
 
Figure 7.S2. BET surface area of (a) DMAZF and (b) Br-UIO-66. Pore size distributions of 
(c) DMAZF and (d) Br-UIO-66. 
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Figure 7.S3. (a) XRD of DMAZF/CNTs/Sulfur composite and DMAZF raw materials. (b) TGA 
of DMAZF/CNTs/Sulfur composite. (c) top surface SEM image of DMAZF/CNTs/Sulfur 
electrode. (d) TGA of DMAZF raw materials.  
 
Figure 7.S4. (a) XRD of Br-UIO-66/CNTs/Sulfur composite and Br-UIO-66 raw materials. (b) 
TGA of Br-UIO-66/CNTs/Sulfur composite. (c) top surface SEM image of Br-UIO-
66/CNTs/Sulfur electrode. (d) TGA of Br-UIO-66 raw materials.  
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Figure 7.S5. PS absorption tests of DMAZF, Br-UIO-66 and UIO-66 with 0.5 M Li2S8.  
 
Figure 7.S6. Surface morphology of cycled Br-UIO-66/CNTs/Sulfur and DMAZF/CNTs/Sulfur 
electrodes. 
Table 7.S1: The comparison of DMAZF  with the existing recent researches on MOFs. 
Materials Sulfur wt. % 
Sulfur 
loading 
(mg cm-2) 
C-rate 
Initial 
capacity 
(mAh g-1) 
Fading/ 
cycle at 
cycles 
Areal 
capacity 
(mAh cm-2) 
after 
100 cycles 
E/S 
(µL) 
Ref 
DMAZF 70 5/0.1 C 1007 0.05/100 4.75 6/mg This works 
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MIL-
100(V)/rG
O 
65 1/0.1 792 0.28/100 0.57 n/a [1] 
HKUST-
1/GO 70 0.8/0.5 C 1146 0.28/100 0.65 n/a [2] 
ZIF-8 30 n/a - - - 60/cell [3] 
ZIF-
8/CNTs 70 
1 
(0.2 C) 
 
1209 1/50 1.20 50/mg 
[4] 
ZIF-8-
NS-C 70 
2 
(0.2 C) 1226 0.34/100 2.45 
10 
/mg 
[5] 
ZIF-8 
 30 n/a - - - n/a 
[6] 
ZIF-8 
carbon 65 
0.8 
(n/a) 1500 0.46/100 1.20 
200/c
ell 
[7] 
ZIF-
8/graphe
ne 
64 2.4 1314 (0.1 C) 0.42/100 3.15 
30/ce
ll 
[8] 
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Chapter 8: Conclusions and Recommendations 
8.1 Conclusions  
In this thesis, strategies to mitigate the PS shuttle issues of LSB have been developed 
for high sulfur loading. The objective of this thesis was to mitigate PS shuttle through 
separator and cathode modifications. In particular, the focus was placed on the modification 
of carbon materials with different functional groups through compositing and doping and also 
modifying the material surface area. These strategies were based around the dimensions 
and chemical characteristics of the PS phases. Based on the research work in this thesis, a 
conclusion can be drawn from each of the experimental sections. 
It the first experimental chapter, a simple LSB separator coating was used to decrease 
the PS shuttle. The coating layer was made of a porous KB composited with Nafion, 
designated as KBN. The porous KB was selected as a suitable carbon material as it can 
physically confine the PSs on its high surface area. The KB can also minimize volume 
expansion and increase electronic conductivity. The polar -SO3- from the Nafion, inhibits PSs 
diffusion through polar-polar interactions. The polar interactive behavior of the -SO3- with the 
PS is further confirmed through DFT calculations. The combination of the physical and 
chemical PS confinement in the KBN coating produces a LSBs with a high initial areal 
capacity of capacity up to 6.70 mAh cm-2 and a high sulfur loading of 7.88 mg cm-2. This areal 
capacity is larger than the required areal capacity required for LSBs to be commercially 
competitive with the state-of-the-art LIBs.  
In the second experimental chapter, N-doped, multilayered, hydroxyl graphene was 
functionalized -SO3- to chemically attract PSs. The raw materials hydroxyl graphene was 
produced not only contains hydroxyl functional groups (-OH) but also -COOH and -O 
functional groups. The hydroxyl graphene can inhibit the PS shuttle through chemical 
interactions.  However, the larger amount of hydroxyl and oxide groups decreases the C/O 
ratio and reduces the graphene electronic conductivity - which is not good for the sulfur 
utilization. Therefore, hydroxyl graphene was doped with Nitrogen at high temperature to 
decompose the hydroxyl and oxide groups and to introduce electronegative N into graphene, 
this material was designated as NGN. The NGN was further functionalized with Nafion (N-
NGN) to coat the Celgard PP separator without any additional PVDF binder. The adsorption 
energy of the various functional groups (-OH, -COOH, -SO3-) and Nitrogen associated 
graphene was calculated using density functional theory (DFT). It was concluded that the 
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NGN with the presence of N showed the highest adsorption energy with the PS as compared 
to the other functional groups present. This agreed with the experimental observations. The 
LSBs with the N-NGN separator coating produced the best performance with a high areal 
capacity of 12.0 and 11.0 mAh cm-2, respectively at 12 and 15 mg cm-2 sulfur loading.  
In the third experimental chapter, two different carbons materials, derived from ZIF-8, 
were synthesized to understand the relative importance of chemical interactions and material 
architectures on mitigating PS shuttle. The first material was a Zn-, N- containing ZIF-8 
derived microporous carbon (ZnN-cZIF-8). The second material was an ultra-high surface 
area mesoporous carbon (UHS-cZIF-8). The combination of micropores, Zn and N in the 
ZnN-cZIF-8 provides a more effective method to mitigate PS diffusion and improve the 
electrochemical performance. To support the understanding of the electrochemical 
performances of the ZnN-cZIF-8, physical PS adsorption and GITT tests were carried out and 
discussed. ZnN-cZIF-8 introduced an initial Cs of 929 mAh g-1 and a retention Cs of 680 mAh 
g-1 after 200 cycles with a high sulfur loading of 5.74 mg cm-2 at 0.2 C. The better cycling 
performance of the ZnN-cZIF-8 LSB is attributed to the dual role of the micropores in addition 
to the two chemically interactive sites Zn and N – which provide PS trapping through Lewis 
acidic and polar-polar interactions.  
In the final experimental chapter, the oriented-nanoporous, Zn containing DMAZF 
MOF was designed as a molecular sieve to block PS diffusion but encourage Li diffusion. 
The DMAZF was used as a PS host in the cathode of LSB. The DMAZF composited with 
CNTs enabled a sulfur loading of up to 5 mg mg-2 and dramatically improved the cycling 
performance. The DMAZF/CNTs/Sulfur electrode delivered degradation of only 0.07 % per 
cycle at 0.1 C and 5 mg cm-2 sulfur loading. Even with the high sulfur loading of 7 mg cm-2 
the DMAZF contained LSBs provide an opportunity to achieve 500 cycles. 
8.2 Recommendations 
Un-doped carbon materials show weak intermolecular interactions (0.1–0.7 eV) with 
the PS. To produce high capacity LSBs, host materials with strong PS chemical interactions 
are required to overcome persistent problems. Accordingly, this doctoral thesis has focused 
on chemically interactive metal (Zn), electronegative element (N), functional group (-SO3-) 
and materials design to chemically bind and physically confine the PS in the LSB. The 
structure, materials properties and physical characterizations of the synthesized materials 
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have been thoroughly investigated and implemented to achieve high-performance LSBs. 
However, there are still many unresolved challenges. 
1. Some essential parameters need more careful attention to understand laboratory 
research to a great extent. For example, it is very difficult to understand the impact of 
research if it shows the initial capacity (mAh g-1) but omits information including the 
sulfur loading, sulfur content, E/S ratio, and separator coating loading. These 
parameters have a major impact on LSB performance; hence, these parameters need 
to be emphasized while conducting LSB research. 
2. Sulfur loading (mg cm -2) and content (wt. %) are the key cell parameters for LSBs. 
The sulfur loading determines the areal capacity (mAh cm-2) and in turn the energy 
density (Wh kg-1). For a LIB to be commercially viable it must have an areal capacity 
higher than 4 mAh cm-2 which becomes at least 6 mAh cm-2 for LSB. This requires 
minimum sulfur loading of 3.6 mg cm-2 while theoretical capacity 1675 mAh g-1 is 
considered. Therefore, to commercialize, the LSB research needs to be at high sulfur 
loading and sulfur content (wt. %) to achieve high energy density and high areal 
capacity LSBs.  
3. More research on the polysulfide dissolution problem needs more sincere attention to 
be significantly mitigated. This is because the polysulfide molecules are too small to 
completely prevent their diffusion by applying a solo carbon interlayer. The in-situ 
experiments can explore this area more. 
4. Besides the PS shuttling mitigation, the kinetics acceleration of the redox reactions is 
also crucial to achieving LSB at high C-rate. The metals such as Zn, Ni, and Co 
produce promising Lewis acidic interactions with the PS and also significantly can 
promote the redox kinetics. Hence, these metals planted host materials could be an 
effective solution to realize the electrochemical performance of LSBs at high sulfur 
loading. 
5. Functionalized and heteroatoms based PS hosts have been promising to alleviate the 
PS shuttling and achieving high electrochemical reversibility of LSB. The future follows 
up development requires the carbon coatings to have high micro-porosity with 
lightweight in nature to achieve high energy density LSBs. 
Finally, the commercialization of LSB greatly depends on achieving excellent electrochemical 
stability and high areal capacity, while utilizing low-cost materials and simple processing 
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techniques. This thesis has focused on various practical solutions without involving expensive, 
complicated processes to be easily translated into industrial processes. The research findings 
in this thesis could drive the way to facilitate the commercialization of LSBs. 
